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ABSTRACT
SPECTROSCOPIC STUDIES ON THE INTERACTION OF CETYLPYRIDINIUM
BROMIDE MONOHYDRATE AND BROMOTHYMOL BLUE WITH
POLYMERIZED SILICA
by
James Robert Siegenthaler
June 2015

The design and implementation of a controlled macromolecular chemical
transport system could greatly advance switchable chemical reactions and be applicable
for targeted drug delivery, intelligent inks, and nanotechnology. To better understand the
mechanisms of function for a switchable macromolecular transport system, preliminary
work has been completed that studies the transport of bromothymol blue (BB) facilitated
by cetylpyridinium bromide monohydrate (CPBM) to a silica surface that has been
modified with Poly(styrene-co-maleic anhydride), a pH switchable polymer. Ultraviolet
spectroscopic trials were conducted measuring the absorbance of BB and CPBM at 3 pH
levels and 3 different surface reactivity levels of polymerized silica. The experiments
were conducted by holding BB at a constant 1x10-5 M and varying CPBM at
concentrations between 1x10-5 and 1x10-4 M at pH 3.5, 4.75 and 9.5. Conformation that
CPBM had absorbed to the silica surface was conducted using infrared spectroscopy
measuring the appearance of CPBM. Results indicated that BB was attracted under acidic
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conditions and repulsed under basic. CPBM was attracted under acidic and basic
conditions however attraction amounts varied with the amount of surface coverage.
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1
CHAPTER I
INTRODUCTION
The ability to control the movement and location of molecules in solution has
greatly attracted chemist’s attention since there is the potential for finesse in chemical
control. Such control would be a great boost in the ability to conduct switchable chemical
reactions, contamination extraction and nanotechnology. Control of the movement of
molecules within solution would also greatly enhance industrial processing, allowing the
ability to control molecular reactions and reduce excess chemicals when preforming
experiments.
Classically, the control of movement and location of a molecule within solution
has only been done through liquid-liquid extraction, typically used in chemical
purification when molecules are transported from one solution phase and into another.1
Recent work on the controlled movement of molecules has focused on the creation of
molecular machines which have the ability do finite tasks propelled by a molecular
motor.2–4 It has been found, however, that the movement of such a device is random and
directionality to a specific location extremely difficult to conduct, requiring a channel
guide.5–10 To create a system of control using the inherent attractive forces between
molecules (i.e. London dispersion, hydrophobic/hydrophilic, and electrostatic forces)
investigations of the interaction of water soluble polyelectrolyte-surfactant complexes
(PSC) have been studied.5,6,11–14 PSC’s create micro domains within the bulk solution
allowing for the extraction of water soluble organic compounds from bulk solution into
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the complex. Using the inherent properties of the PSC, the complex can then be attracted
to a surface creating a device that can travel through solution.
Due to the PSC’s ability to gather molecules in solution, and travel to a specific
location, a molecular transport vehicle can be constructed. Recent research has shown the
ability for the PSC to extract water soluble organic molecules out of solution and bring
them to a TiO2 surface.15 The interaction between the PSC and TiO2 unfortunately lead to
a one way transport system. To generate a system with inherent reversibility,
modifications to the system must be designed into both the surface that the PSC travels to
and the structure of the PSC allowing for the reversible attraction and repulsion between
the two objects. Fundamental research is missing for such a system and understanding the
effect of molecular diffusion and the complex interactions between the surfactants,
polyelectrolytes and surface. The purpose of this project is to broaden the fundamental
understanding of the interaction and surface interactions between a surfactant,
polyelectrolyte, and water soluble dye.
1.1 Background on Polyelectrolytes and Surfactants
A polymer consists of many repeating subunits called monomers and, when the
monomeric unit of the polymer has a net charge, the polymer is termed a polyelectrolyte.
When in solution, polyelectrolytes increase the viscosity of the solution based on the
extent of the charge repulsion of the polyelectrolyte backbone from itself.11 In solution,
the structure of the polyelectrolyte will arrange itself to minimize the charge repulsion of
the monomeric units as well as hydrophobic, hydrophilic interactions from the solvent
solvating it. Polymers and polyelectrolytes have a wide range of uses in industry; one
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such use of polyelectrolytes is in hair gel.

16,17

Another use for polyelectrolytes is in its

ability to destabilize colloidal suspensions and promote precipitation.18 Due to the recent
increase in use of polyelectrolytes, research has shifted focus to create a deeper
understanding of the structure that these molecules take in solution and how these
molecules interact with one another.17,19–25
In solution, polyelectrolytes typically tend to fold on themselves, rather than
unravel becoming completely solvated by a solvent.16,17,19,20 By folding on itself, the
polyelectrolyte forms microenvironments that have unique properties compared to the
bulk solution. The formation of microenvironments is a direct result of van der Waals
forces such as hydrophobic/hydrophilic, London dispersion, and electrostatic forces.20
Intermolecular forces drive the formation of polyelectrolyte folded structures by the
minimization of entropy resulted from the reduction in ordering of water as the
polyelectrolyte folds, reducing the surface area within an aqueous environment.11 When a
polyelectrolyte’s structure has reached equilibrium in solution, pockets of different
microenvironments are formed within itself. These localized environments favor
solubility of organic compounds as compared to an aqueous environment. To further
enhance the solubility of organic compounds in an aqueous environment a surfactant can
be added which mixes with the polyelectrolyte.
Surfactants are soap-like molecules that have hydrophobic and hydrophilic
regions, and often have a charge on the hydrophilic region. Surfactant molecules are
surface active and concentrate at the interface between air: solution and solid: solution
interface prior to reaching a critical micelle concentration (cmc).26 In aqueous solution,
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below the cmc, surfactants gather at the interfacial regions, where the hydrophobic tail is
out of solution allowing the hydrophilic end to become solvated. When the concentration
of the cmc is reached, a shift occurs in solution because the interfacial regions become
saturated. The surfactants then aggregate together forming micelles having a hydrophobic
interior surrounded by a hydrophilic exterior. The change in solution below and above the
cmc can be characterized by the changes in surface tension. As the concentration of the
surfactant increases in solution, the surface tension is decreased from that of the pure
solvent at a rapidly linear rate. Once the cmc is reached, the decreasing rate of the surface
tension becomes near zero and the surface tension only decreases slightly with further
increased surfactant concentration. When surfactants are in solution with an organic
molecule, the surfactant can surround the molecule and in doing so allow the formation
of micelles below the cmc.27–29 In comparison, when charged surfactants are introduced
to a polyelectrolyte with an opposite charge, the two species are attracted through
columbic forces forming a polyelectrolyte/surfactant complex. (PSC)30–32 (Figure 1-1)
This complex has a much higher solubility for organic molecules because of the greater
amount of microenvironments the
complex creates within itself. This
unique property of the complexes
allows the PSC to extract organic
molecules from bulk solution.15,33
Figure 1-1: A PSC complex where the negativity charged
polyelectrolyte (polystyrene sulfonate) is complexed with a
positive surfactant (cetylpyridinium bromide hydrate).

5
1.2 Introduction to Thesis Research
By creating complexes with environments within a bulk solution that have a
higher solubility for organic compounds, a localized higher concentration of organic
compounds can be achieved. The collection of the organic molecules by attraction to the
PSC creates a method for moving and or removing the organic compounds within the
bulk solution. If the PSC were to be moved within solution, total removal and locational
control of the organic compounds from bulk solution could be achieved. Numerous
studies have been conducted investigating the movement of polyelectrolytes and PSC
complexes in solution.17,24–26,34–58 By itself in solution, polyelectrolytes are attracted to
oppositely charged surfaces, and in many cases the process is irreversible.3,8,9,16,17,34 The
irreversibility of the polyelectrolytes attraction results from the slow kinetics of
overcoming the attraction between the polyelectrolyte and an oppositely charged surface.
In order to create a situation in which attraction and repulsion can be reversibly
controlled, control of the polyelectrolytes charge and hydrophobic/hydrophilic properties
must be created. This can be achieved through the formation of the PSC, because the
addition of surfactants to the polyelectrolyte can allow for the charge minimization of the
polyelectrolytes charged backbone.
When the polyelectrolyte are paired with an oppositely charged surface, an overall
attraction to the surface occurs because of the electrostatic attraction between the
polyelectrolyte backbone and the charged surface. Commonly used surfaces include TiO2
and SiO2. The surface of both are covered with hydroxide functional groups that can be
easily derivatized. Under aqueous conditions, the surface hydroxide groups can be
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protonated or deprotonated depending on the solution pH. SiO2, commonly known as
silica gel, a common lab chemical, is often used in molecular separations through liquid
chromatography. Silica has surface bound hydroxide groups, silanols (Figure 1-2A),
which can be easily derivatized by the attachment of silane reagents (Figure 1-2B)
forming a derivatized silica surface (Figure 1-2C) that can be attached to additional
compounds.
C

A

B

Figure 1-2: Silica silanol groups (A) reacting with a silane reagent (B) to form a
derivatized silica surface (C)

It has been found in literature that silica has silanol groups on its surface that can
be classified as either q3, a silanol with three (-O-Si) bridging bonds or q2, germinal
silanols (Si-(OH)2).59 With silanols, q3 are more acidic at a pKa of ≤2, and the q2 are less
acidic with a pKa of about 8.2.59,60 Q3 silianols on silica surface are deprotonated at a pH
above 2 giving the surface of the silica a net negative charge. To overcome this net
negative charge for use in a reversibly controlled charge surface, the surface must be
derivatized allowing for a more pH neutral, 7, control of charge. By reaction of the
silanol groups with a silane reagent, it is possible to attach a primary amine to the silica
surface (Figure 1-2B). The amine can then undergo further reaction to become further
derivatized by attaching a co-block polymer (Figure 1-3B). The bound co-block polymer
is termed a polysoap and is made of a block of the polymer consisting of a hydrophobic
chain and a hydrophilic chain.21 When in solution polysoaps will rearrange their structure
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to produce a structure with a hydrophobic core and a hydrophilic shell.

21,61,62

By binding

the polysoap on the silica surface, when in aqueous environments, the polysoap is forced
to rearrange to alleviate strain of the hydrophobic structure. If the polysoap contains a
maleic anhydride group, then reaction of the anhydride with a primary amine will
produce a carboxylic acid and attach the polysoap to the silica surface.63
1.2.1 Project Design
Holmes et al. (15) has investigated the interaction of a PSC, polystyrene sulfonate
(PSS) with cetylpyridinium bromide hydrate (CPBM), to transport dyes to a TiO2 surface.
She found that it was possible to transport the dyes to the TiO2 surface, however, the
process was non-reversible. We theorize that by utilizing a modifiable silica (SiO2)
surface, a reversible system can be constructed if the surface charge can be controlled. By
binding a polysoap to the surface of the silica, and having carboxylic acid groups that can
be protonated and deprotonated, it is possible to create a controllably charged surface.

x

z
y

A
Figure 1-3: A: Scanning electron microscope image of
silica partials that have been derivatized with a primary
amine bound to the surface. B: Polysoap bound to the
surface of SiO2 through a primary amine reacting with a
maleic acid group

B
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(Figure 1-3B) Due to the presence of the polymer on the surface of the silica, and by
minimizing charge repulsion caused by the negative silica and negative polyelectrolyte
through the bound polysoap by pH change, reversible attraction of the PSC can then
occur through van der Waal forces to the bound styrene groups rather than columbic
attraction found within the polysoap.
Controllability of the attraction and repulsion can be employed by adjusting the
charge of the bound polysoap. (Figure 1-4) By managing the pH, the polysoap can take
on a range of negative to a near neutral charges. By giving the polysoap a near neutral
charge, the charge repulsion between
the net negative charges on the PSC,
can be minimized facilitating an
environment conducive for the

-

-

-

Figure 1-4: A modified silica surface with a polymer
immobilized on it by binding silanol groups on the silica
surface.

attraction of the PSC to the polysoap
surface.64 To repulse the PSC from
the surface, the pH can be adjusted;

--

-

-

-

-

-

this results in a change on the net
charge of the polysoap surface,
causing charge repulsion between the
surface and the PSC surface. (Figure
1-5) When the PSC is on the surface,
mixing of the PSC and molecular

Figure 1-5: Based on the charge of the polysoap,
attraction and repulsion of the PSC can be stimulated due
to charge minimization. When the charge between the
PSC and the polysoap are near neutral, attraction will
occur due to van der Waal forces. When the polysoap is
given a negative charge, the PSC would then be repulsed
away due to electrostatic repulsion.
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cargo can occur allowing a cargo exchange from the PSC to the bound polysoap.

65

Using this system of control, implementation of cargo transport can occur
between the PSC and the polysoap. (Figure 1-6) By introducing cargo in a high pH
solution, the cargo can be attracted to the PSC and thus be removed from bulk solution
(Figure 1-6A). By picking up cargo and additional surfactant, the PSC’s net charge can
be modified to become near neutral, changing the appearance of the complex’s charge
relative to the polysoap. (Figure 1-6B) Further control is done by changing the pH of the
bulk solution to become lower, giving the polysoap a near neutral charge on the silica
surface. The charge repulsion between the PSC and the polysoap become minimized
which results in attraction of the PSC to the the polysoap due to van der Waals forces.
When the polysoap and the PSC interact, a mixing and exchange of cargo occur. (Figure
1-6C) This is due to the polysoap having a higher hydrophobic enviornment than
compared to the PSC thus, molecular cargo will be transferred from the PSC to the
polysoap. By raisng the pH of the solution, the polysoap then becomes deprotonated, and
takes on a negative charge, repulsing the PSC away into solution leaving behind its cargo.
(Figure 1-6D) The cycle can then be repeated to bring more cargo to the polysoap
utilizing the PSC to transport the cargo. This system can be reverisble as well, where the
PSC can remove cargo from the polysoap and transport it into bulk solution utilizing pH
change as the mechanism of control.
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-

A: A PSC in a negatively charged solution can
pick up organic molecules, molecular cargo from
solution.

C: By lowing the pH, the polysoap takes on a
near neutral charge and the PSC then is attracted
to the charged surface. An exchange of cargo
occurs because of the higher hydrophobic
surface.

-

-

B: Due to the attraction of the organic molecule to the
PSC, and additional surfactants being attracted, the
net charge on the complex is changed to near neutral.

D: By raising the pH of the environment, the
surface becomes negatively charged. Due to
electrostatic repulsion, the PSC returns to
solution where it can collect more cargo and
repeat the cycle.

Figure 1-6: Proposed mechanism of control for a reversible transport to and from a modified silica surface. The
system involves a PSC and its attraction and repulsion to and from a charged surface. By introducing molecular
cargo, the cargo can be transported and deposited on to the surface. The conjugate movement is also plausible,
where the transporter can move towards the charged surface and pick up cargo and remove it, depositing the
cargo into bulk solution.

1.2.2 Study of the System
The study of such a system is a nontrivial task because of the numerous
interactions that occur between the polyelectroyltes, surfactants, organic dye and

11
polysoaps. To understand the interaction of the species in solution, it is important to be
able to choose an analytical technique that can study the compnonents simultaneously.
Ultraviolet-Visable spectroscopy allows for the measurement of light absorbed by species
in solution. It is an easy technique to study the solution in vitro to understand what is
occuring with the solution species. One downside, however, is that molecules of interest
must absorb within the ultraviolet visible region of the electromagnetic spectrum. When
molecules are in solution, it is possible to measure the amount of light that a solution can
absorb. The absorbance can then be correlated through a linear trend to the solution
concentraion of the specific species absorbing. By measuring the solution concentration
of the PSC and organic dye, the concentraion of solution phase material can be
quantified. If the concentration of the solution phase species decreases with time, it can
be assumed that the PSC and the organic dye travel to the polymerized silica surface.
Verification of such movement can be conducted using attenuated total internal reflecane
fourier transform infared spectctropsopy (ATR-FTIR). ATR-FTIR uses infared radiation
to excite functional groups within molecules to undergo a specific vibration mode. By
analyzing the polymerized silica surface after an experiment for changes in vibration
intensities for the appearance of methyl bending modes found in the CPBM on the PSC,
the presence of the PSC can be confirmed to be on the polymerized silica surface.
The interaction of the PSC, cargo and polymerized surface is complicated and to
contol the movement, specific solution conditions must be met. To understand if creating
such a reversible system is feasible, first baseline studies must be conducted to
understand basic interactions of each component of the system. For the purpose of this
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thesis, baseline studies will be done to characterize the interaction of CPBM and an
organic dye, bromothymol blue (BB) and deterimine if attraction and repulsion can be
controled, moving the molecules to and from a polymerized silica surface. The
mechanisms of control for such a system are to include pH, initial concentration of
CPBM and polymerized surface coverage of the silica. Experiments will focus in
utilizing UV-Vis spectroscopy to simultaneously measure the solution concentraions of
BB and CPBM, and characterize the polymerized silica surface using ATR-FTIR to
measure the absorbance of CPBM on the polymerized silica surface.
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CHAPTER II
EXPERIMENTALS
2.1 Materials:
The chemicals used in this project were either purchased from Sigma Aldrich or
synthesized in house. Chemicals purchased included cetylpyridinium bromide
monohydrate (CPBM), poly(sodium-4-styrenesulfanate) (PSS), hydrochloric acid (HCl),
sodium hydroxide (NaOH), sodium chloride (NaCl), poly(styrene-co-maleic anhydride),
partial cyclohexyl/isopropyl ester, cumene terminated and bromothymol blue (BB). In
house synthesized chemicals included silica gel, aminated silica gel and polymerized
silica gel. Purchased chemicals were used without purification or modifications to them.
Structures of the chemicals used in experiments are shown in (Figure 2-1)

Figure 2-1: The structures of BB at both pH 3.5 and 9.5, polymerized silica, PSS, PDADMAC and CPBM
each at pH neutral
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2.1.1 Solution Preparation:
Test solutions used in the experiments were created using class A volumetric
glassware. Stock solutions of PDADMAC, CPBM and PSS were created to a
concentration of 1x10-4 M, 5x10-4 M and 1x10-5 M respectively. The PDADMAC was
g

assumed to have a molecular weight of approximately 500,000 mol. Whenever
PDADMAC is referenced with concentration, it is assumed to be the monomeric
concentration. PSS stock solutions were created assuming that PSS has a molecular
g

weight of 70,000 mol. The pH adjustments to solutions was done using either concentrated
NaOH or HCl. Deionized water was used and either made acidic or basic with HCl and
NaOH to a specific pH in all experiments. PSS/CPBM complex (PSC) solutions were
created using 1x10-5 M CPBM and varying concentrations of PSS initially starting
approximately at 4x10-7 M monomer to yield ratios from 214:1 to 250:1, CPBM to
monomeric unit of PSS. The complex solutions were created by dissolving both
chemicals into a flask, and were allowed to stir over night.
2.2 Methods
In order to investigate the interaction of a derivatized silica surface with a PSC, in
house synthesis of the derivatized silica was completed using previously determined in
house methods.15 To fully prepare the polymerized silica, the synthesis process first
began with synthesizing silica gel. Then a primary amine was attached to the surface
hydroxyl groups of the silica gel. After the attachment was complete, a polymer
containing an anhydride was bound to the primary amine through the ring opening of the
anhydride.
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2.2.1 Synthesis
2.2.1.1 Silica Particle Synthesis:
Silica gel was synthesized by placing approximately 7.5 mL of tetraethoxysline
and 150 mL of absolute ethanol into a round bottomed flask. An aliquot of about 7 mL of
aqueous 25 % ammonia was added to the suspension and the mixture was stirred in a
chemical fume hood for 36 hours. The solution was then acidified with concentrated
hydrochloric acid by adding between 1 to 2 mL of the acid. The solution was then
transferred to a beaker and the ethanol was allowed to evaporate to dryness. Following
the evaporation of the ethanol, the precipitate was ground with a mortar and pestle to
form a uniform powder. Previous in house methods of surface analysis determined that
m2

the silica had a surface area of approximately 500 gram with a coverage of 8

μmol
m2

surface

hydroxyl groups.66
2.2.1.2 Synthesis of Aminated Silica:
To synthesize aminated silica, approximately 1.9 g of silica was placed in a round
bottom flask. The flask was then filled ¾ full with toluene and 0.1035 mL of (3aminopropyl)trimethoxy silane, a 5 molar excess to the moles of surface hydroxyl groups,
was added. The flask was then fitted with a reflux condenser and the apparatus was
clamped inside a chemical fume hood to the rear manifold. A heating mantel was fixed to
the flask, and the solution was then refluxed for approximately 12 hours. Following
reflux, the organic portion of the solution was decanted and disposed of. The remaining
aminated silica gel was washed with methanol 3 times followed by a final wash with
ethanol. The aminated silica gel was then placed in an evaporating dish and heated in an
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oven at 100 ˚C for approximately 12 hours and allowed to cool. Once cool, the gel was
ground with a mortar and pestle until an even powder consistency was reached.
2.2.1.3 Synthesis of Polymerized Silica:
Aminated silica was then used to react with a polymer, to produce the
polymerized silica used in experiments. Approximately 0.7656 g of aminated silica gel
was placed in a round bottomed flask, and the flask was filled ¾ full with 1,4-dioxane. To
the mixture, 0.8976 g of poly(styrene-co-maleic-anhydride), partial cyclohexyl/isopropyl
ester cumene terminated was added. The poly(syrene-co-maleic-anhydride) polymer was
assumed to react at a 1:1 molar ratio of the anhydride group to surface bound amines. The
polymer as specified by the manufacturer contained 0.58:1 molar ratio of anhydride per
polymer. The overall polymer was assumed to have a molecular weight of 1700

g
mol

.A

reflux condenser was then fitted to the flask followed by a heating mantel. The mixture
was stirred and refluxed for approximately 12 hours before allowing to cool. The organic
layer was decanted and disposed of prior to washing the silica with 1,4 dioxane 3 times.
The silica was then washed with ethanol and disposed of to remove any residual 1,4
dioxane. The silica was transferred to an evaporating dish and was heated for
approximately 12 hours overnight in an oven at 100 ℃. The dried polymerized silica was
ground with a mortar and pestle until an even powder consistency was reached.
2.2.2 Polymerized Silica Titration:
To determine the total reactive surface groups, the amount of surface hydroxyl
and carbolic acid groups on the polymerized silica, a titration was performed using
sodium hydroxide. An approximate 0.01 g of silica was weighed into a disposable test
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tube followed by the addition of 4 mL of absolute ethanol. Three drops of
phenolphthalein indicator was then added and the solution was titrated using 0.01 M
NaOH. When the palest possible permanent pink was observed in the solution, the
titration was complete. Results for each titration were compared against a blank titration
of ethanol to determine the amount of reacted groups on the silica.
2.2.3 Surface Tension
The surface tension of BB, 1x10-5 M and CPBM at various concentrations levels
which included 1, 3, 5, 7, and 10 x 10-5 M was measured at pH 3.5 and 9.5. Surface
tension measurements were conducted using the du Noüy ring method using a Fisher
Scientific Surface Tensiometer 20. To test the surface tension, 50 mL of solution was
placed into a small beaker. The metal 6 cm ring attached to the surface tensiometer was
dropped into the liquid, and gently pulled out. The maximum sustained force prior to
breaking surface contact was then recorded in dynes per cm2. Measurements for each
solution were taken a total of 10 times and averaged together.
2.2.4 Microbalance Experiments
Preliminary experiments were done to determine if a QCM600 quartz crystal
microbalance (QCM) equipped with a crystal holder could be used to measure the
attraction of polyelectrolyte, dye, and surfactant to a silica surface. In order to investigate
this, a QCM was setup on the laboratory benchtop and clamped in a horizontal position to
an iron ring-stand using a three pronged laboratory clamp. A thin film of the polymerized
silica were made on the QCM crystal surface by suspending 0.01 g of polymerized silica
in 4 mL of absolute ethanol. The slurry was mixed thoroughly and a 60 µL aliquot was
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removed and placed onto the center of the crystal and allowed to evaporate. Additional
aliquots were added to the silica thin film until the crystal reached a measurement of
approximately 200 Ω resistance.
2.2.4.1 QCM Dipping Experiments
Once the a thin film was made on the crystal, initial experiments using the QCM
consisted of dipping the crystal into different solutions in a vertical manner to determine
a base response of the silica layer in solution. This was completed by moving the crystal
slowly into water and allowing it to stabilize while data was recorded at a gate interval of
0.1 seconds. The crystal was allowed to stabilize for about 10 minutes, and then was
removed and placed into water that was made basic by sodium hydroxide to pH 10. The
crystal was allowed to equilibrate for about 10 minutes and then was removed and placed
into a solution of CPBM at a concentration of 1x10-5 M at pH 10. This process was then
repeated cycling through the 3 different solutions, water, base and CPBM 3 times.
Experiments were then conducted by dipping the crystal into an acidic solution at a pH of
4. The crystal was then transferred to a water solution, followed by a basic solution and
finally into a solution of CPBM that was at a pH of 10. This process was then cycled
through 2 additional times leaving the crystal in each solution for 10 minutes. CPBM
trials were done at additional concentration levels including 2x10-5 M and 5x10-5 M.
A similar experiment involving dipping the QCM was done as well by using
PDADMAC at 10 minute dipping intervals. PDADMAC trials used a concentration of
1x10-5 M, 2x10-5 M and 5x10-5 M monomeric unit. These experiments were done by first
dipping the crystal in water, then basic pH 10 solution followed by a PDADMAC
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solution at pH 10. The final solution in the series was an acidic solution at pH 3 to
observe if the PDADMAC came to the surface and then was repulsed. This cycle was
repeated 3 times per trial.
2.2.5 QCM Flow Cell Experiment
2.2.5.1 PDADMAC and CPBM
After completion of the dipping experiments, experiments utilizing a flow cell on
the crystal holder (Figure Figure 2-2) were investigated to see if a larger localized surface
concentration could be generated. The flow cell experiments were initially setup by using
the standard crystal holder to create a thin film of the polymerized silica on the crystal
surface. The crystal holder was then removed and the flow cell was attached on top of the
crystal and thin film. Initial experiments using the flow cell were done using a syringe to
push a constant flow of liquid across the crystal. This was done with a 1 mL syringe
pushing deionized water across the crystal. After the solution was pushed, the syringe
was refilled with a basic solution at pH 10 and this process was continued with a solution
of PDADMAC at 1x10-5 M and an acidic solution at pH 4, repeating this cycle for 3
mL

times. For each solution, a constant flow rate of 1 min was achieved by slowly depressing
Solution flowing out of cell
Solution flowing into cell

QCM
electronics
Gold electrode
Quartz crystal

Figure 2-2: The QCM equipped with a flow cell. Liquid is drawn onto the crystal, flowed across the sides
and out to a waste container. (Left) Demonstrates the flow path and (Right) demonstrates the physical setup
flowing from the beaker into the QCM and out into the syringe.
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the syringe while watching a stopwatch. After the experiment was completed, the system
was cleaned by flushing the tubing with deionized water for two syringe refills.
To achieve a more consistent flow rate, a syringe pump was used to control the
rate of flow for the solution across the crystal surface. This was chosen because it would
allow the syringe pump to be paused and the inlet tube could be placed in a solution
without the introduction of air to the system. Thus an inlet hose was placed into the
respective incoming solution, and the exit hose to the flow cell was connected to a
syringe located in a syringe pump. The syringe pump was set at a flow rate of 5 mL/min
and a 50 CC syringe was utilized to draw solution through for a 1 minute time interval.
When changing to draw a new solution through the system, the syringe pump was
stopped, and the hose located in the respective solution being drawn was clamped. This
was done prior to the hose transfer to a new solution for the minimization of the
introduction of air into the system. The hose was then transferred to a new solution,
unclamped and the pumping was resumed. Trials were done by cycling through different
solutions. A experiment conducted was done using a solution of deionized water
followed by base at pH 10 and then a solution of interest being either CPBM or
PDADMAC at 1x10-5 M. Lastly an acidic solution at pH 3 was flowed and the cycle was
repeated 3 times. A variation of this experiment was done for PDADMAC and CPBM
where the solution order was changed. The experiment was conducted by flowing a basic
solution at pH 10 followed by either a solution of CPBM at 5x10-5 M or PDADMAC
solution at 1x10-4 M monomer, both pH 10. Lastly a solution which was followed by an
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acidic solution at pH 3 and then the process was cycled 3 times. Each solution was
mL

flowed over the crystal for approximately 5 minutes at a rate of 1 min.
2.2.5.2 PSS
After characterization of the PDADMAC and the CPBM was completed, flow cell
experiments were conducted to determine if PSS has a detectable increase or decrease in
surface concentration by QCM. Flow cell experiments of PSS were tested using the flow
mL

cell at a rate of 1 min and an equilibration time of 5 minutes. Solutions were cycled
through 3 times going from a pH of 4 to a pH 10 followed by a PSS solution at a
concentration of 1x10-5 M at pH 10. A solution order modification to this experiment was
also conducted by using an acid solution at pH 3.5 followed by PSS at 1x10-5 M at pH
3.5, which was then followed by base solution at pH 10.
2.2.5.3 PSC
Following the PSS experiments, experiments to determine the measurement of a
PSC to the silica surface were conducted. The initial PSC experiments consisted of using
a 257:1 monomer ratio of CPBM to PSS. Prior to experiments, the PSC solution was
allowed to mix for approximately 30 minutes before each trial. The PSC trial then
consisted of flowing a basic solution at pH 10 followed by an acidic solution at pH 4, and
a PSC solution at pH 4 over the thin film. Solutions were flowed over the crystal at 1
mL
min

for 5 minutes and the process was repeated 3 times.

Variations of the PSC experiments were conducted changing the ratio of the PSC
complex from 214:1 to 230:1 and 250:1 of CPBM to PSS monomer ratio. The solution

22
order for these experiments consisted of first flowing a basic solution at pH 10 followed
by an acidic solution at pH 3. Lastly the PSC solution at pH 3 was flowed of the crystal
mL

and this process was repeated 3 times at a flow rate of 1 min for 5 minutes per solution.
mL

These experiments were also repeated at the flow rate of 0.2, 0.5 and 1 min. The
equilibrium time for each experiment was adjusted to 5, 10 and 20 minutes respectively.
Modifications to the PSC experiments were done by constructing thicker thin
films that were made to have a crystal loading resistance of 600 Ω. The PSC experiments
were done with a 250:1 ratio and solutions were flowed from an acidic pH 3 solution,
followed by the PSC solution at pH 3 and a basic solution at pH 10. Solutions were
flowed for a 10 minute equilibration time at a rate of 0.5 mL/min. Experimental
modifications to these parameters were done by changing solution order to flow from an
acidic solution to acidic PSC followed by the acidic solution. A similar process was done
by flowing a basic solution flowed by an acidic PSC solution.
The investigation of a salt concentration on the PSC complex and its surface
attraction was done. The experimental setup followed the already conducted design for
the PSC complex. The experiment was conducted by creating a 5 mM and 150 mM NaCl
solution that was adjusted to a pH of 10. Solutions for this experiment were flowed
cycling from a basic pH 10 solution to a 250:1 PSC pH 10 solution followed by a 5 mM
or 150 mM NaCl pH 10 solution. The salt trials were then repeated under acidic
conditions flowing from an acidic pH 3.5 solution to a 250:1 PSC pH 3.5 solution
followed by a 5 mM or 150 mM NaCl pH 3.5 solution. The order of the solutions being
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flowed were also modified, and were done by cycling from the 250:1 PSC at a pH of 10,
to a 5 or 150 mM NaCl solution at pH 10 which was followed by a basic, pH 10 solution.
𝑚𝐿

The experiments were completed at a flowrate of 1 𝑚𝑖𝑛 and had an equilibrium time of 5
minutes.
Direct interaction with salt was done for the PSC, and a 250:1 PSC solution with
5 mM and 15 mM of NaCl was mixed. A solution containing salt at 5 or 15 mM NaCl,
and PSC at pH 3.5 were then flowed over the silica surface followed by a water solution
at pH 3.5. This process was cycled 3 times for each experiment and the experiment was
repeated under basic conditions using solutions that had been adjusted to a pH of 10. It
should be noted that any concentration higher than 15 mM NaCl when mixed with PSC
resulted in the PSC crashing out of solution. All experiments that involved NaCl were
mL

done at a flowrate of 1 min and had an equilibrium time of 5 minutes.
2.2.5.4 BB and CPBM’s Interaction with Polymerized Silica
To measure the attraction of BB to the silica surface under basic conditions
through interaction with CPBM was done. A layer of polymerized silica was laid on the
QCM crystal surface with the crystal holder attached. The crystal holder was oriented to
be horizontal to the lab bench. In a disposable test tube, CPBM and BB were mixed at a
total volume of 1 mL at a concentration of 1x10-5 M BB and 1x10-4 M CPBM at pH 9.5.
From this solution, 0.5 mL was removed and placed on the crystal’s surface on top of the
polymerized silica. Measurements from the QCM were taken for 1 hour to observe any
mixing and diffusion that might occur towards the silica surface. An alternative
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experiment was done by placing a layer of silica on the crystal’s surface. Then 0.526 mL
of deionized water was added to the silica and, once the crystal stabilized, 0.148 mL of
5.05x10-4 M CPBM was added. Again, once the crystal stabilized, 0.045 mL of 1x10-4 M
BB was added to yield a final concentration of 1x10-4 M CPBM and 1x10-5 M BB on the
crystal’s surface. Measurements were taken for 1 hour on the QCM.
2.2.6 ATR-FTIR Experiments
To supplement the data collected using the QCM, experiments were conducted
using a Brüker Alpha Fourier transform infrared spectrophotometer equipped with a
single reflection attenuated total reflectance module (ATR-FTIR). Using the ATR-FTIR,
experiments were designed to observe the presence of PDAMAC and CPBM on the
surface by the presence of C-H stretching modes observed at 2850 and 2927 cm-1.
2.2.6.1 Thin film Diffusion – PDADMAC
To measure the diffusion of PDADMAC to the polymerized silica surface, a layer
of silica was placed on the ATR crystal’s surface. The layer was constructed by
suspending 0.01g of silica in an ethanol solution and removing a 60 µL aliquot. The
aliquot was then placed on the crystal’s surface and allowed to dry. This process of
layering was repeated 5 times, creating a thin layer over the ATR crystal. To the surface
of the dry polymerized silica, 40 µL of 5x10-5 M PDADMAC was added. Without
clamping the sample anvil into place, scans consisting of 124 passes were taken once
every 3 minutes for 45 minutes while observing changes at the silica interface. During
these experiments, the ATR crystal with the sample was covered with a 50 mL beaker to
help limit the rate of evaporation.
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An alternative experiment to measure the appearance of PDADMAC on the silica
surface was done. The experiment consisted of first layering silica on the ATR surface
using the before mentioned method. Once the thin film had been constructed, 40 µL of
water that had been made basic to pH 9.5 was placed on the silica. Several spectra
consisting of 124 scans, taken once every 3 minutes were taken of the surface while
observing when the water peak stabilized on the silica. To the water on the silica, 40 µL
of 1x10-4 M PDADMAC at pH 9.5 was added and the spectrum were continued for 30
minutes taken once every 3 minutes.
2.2.6.2 Thin Film Diffusion – CPBM
Similar experiments were done for CPBM using the methods used in the
PDADMAC ATR-FTIR trials. These were done by first creating a thin film of
polymerized silica on the diamond of the ATR module. Once the thin film was made, 20
µL of deionized water was placed onto the silica. Five spectra were then taken once every
3 minutes using 124 passes. After the 5 spectra were complete, 20 µL of 5x10-5 M CPBM
was added to the water on the silica surface and an additional 5 scans were taken.
Following the 5 scans, 20 µL of acidified water at pH 4 was added to the silica surface
and a final 5 scans completed. The process was repeated with a new thin film utilizing a
1x10-4 M CPBM solution to compare concentration differences between CPBM and its
attraction to the polymerized silica surface.
To further investigate if CPBM has an attraction to the silica surface,
modifications of the previous CPBM thin film experiment was done by conducting the
measurements under basic conditions rather than acidic. A layer of polymerized silica
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was placed down on top of the crystal. A basic water solution using 30 µL at pH 10 was
placed on the silica. Five spectra were then taken once every 3 minutes using 124 passes.
After the 5 spectra were complete, a 30 µL aliquot of 1x10-5 M CPBM at pH 10 was
added to the silica and, an additional 5 scans with 124 passes were taken. Following the
completion of the scans, an 8 µL aliquot of 0.01 M HCl was added to the solution to yield
a low pH. An additional 5 scans were taken.
2.2.6.3 Thin Film Diffusion – PSS
To correlate microbalance data and PSS’s attraction to the polymerized silica
surface, experiments were investigated by suspending polymerized silica in a water
solution and adding PSS and measuring its appearance at the silica interface. Wet
suspending of polymerized silica was done by placing 0.01 g of polymerized silica in a
disposable test tube and suspending it in 4 mL of water. A 60 µL aliquot of the
suspension was removed and placed on the ATR-FTIR crystal. The solution was allowed
to settle for 10 minutes, allowing the suspended polymerized silica to settle on the ATR
diamond’s surface. After the polymerized silica had settled, 5 spectrum were taken with
124 scans. A 60 µL aliquot of PSS at 1x10-6 M pH 10 was carefully added on top of the
solution resting on the ATR diamond and an additional 5 spectra were taken. A 12 µL
aliquot of pH 2 acid solution was added to the mixture of PSS and polymerized silica and
a final 5 scans were taken.
A modification of this experiment was also done by suspending silica into water
that had been adjusted to pH 10. Then 6 µL of 0.1 M HCl was added followed by 30 µL
of PSS. The experiment was completed as the before mentioned PSS experiment.
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2.2.6.4 Suspension Diffusion – PSC, PDADMAC and CPBM
To determine if a PSC when exposed to silica was attracted to the surface,
experiments were done where the PSC and the polymerized silica were mixed and
allowed to rest. Following a period of rest, a portion of the polymerized silica was
removed and analyzed for the presence of the PSC. This was done by placing
approximately 0.01 g of polymerized silica into a disposable test tube and adding 600 µL
of water. A 50 µL aliquot portion of the silica suspension was removed and placed into a
1 mL solution of PSC at a 250:1 ratio. The solutions were allowed to sit for 2.5 hours and
a 60 µL aliquot of suspended silica was removed and analyzed on the ATR-FTIR
crystal’s surface. This was done at 3 different pH levels, pH of 3, 7 and 10. A similar
experiment was also done following these procedures for both PDADMAC at 1x10-4 M
and CPBM at 5x10-5 M using an equilibration time of 5 hours.
2.2.6.5 NaCl and Diffusion
To determine if salt had an effect on the attraction and repulsion of the PSC from
the polymerized silica surface, additions of NaCl were added to the PSC solution. This
was done by making 6 solutions and comparing the 6 solutions against each other for the
appearance or disappearance of the PSC from the polymerized silica surface. Solutions
were prepared in a 5 mL disposable test tube that contained approximately 0.01g of silica
in each. Each respective tube contained the following chemicals: Mixture 1: silica at pH
3.5. Mixture 2: silica at pH 10. Mixture 3: silica and pH 3.5 with 250:1 PSC. Mixture 4:
silica and pH 10 and 250:1 PSC. Mixture 5: silica and pH 3.5 and 250:1 PSC and 5 mM
NaCl. Mixture 6: silica and pH 10 and 250:1 PSC and 5 mM NaCl. Mixtures used were
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stock concentrations made for 250:1 PSC. Each of the tubes were filled to a total volume
of 4 mL and were mixed simultaneously and allowed to settle for 2 hours before a 60 𝜇𝐿
aliquot was taken from each tube and analyzed. Each spectra taken of the sample was
done with 124 scans and the aliquot was allowed to settle on the ATR diamond crystal’s
surface for approximately 10 minutes before the sample was taken.
2.2.6.6 CPBM and BB Diffusion
To determine if CPBM and BB diffused to the polymerized silica surface, CPBM
and BB were tested. This was conducted by placing approximately 0.01 g of polymerized
silica into a disposable test tube and adding a solution 5x10-5 M CPBM and 1x10-5 M BB
at pH 3.5 to a total volume of 4 mL. Once the components were mixed, the solution was
vortexed for 10 seconds. An aliquot of 0.2 mL was removed from the slurry and was
placed on the diamond surface of the ATR crystal. A beaker was placed upside down
over the solution to minimize dust and airflow, slowing its evaporation. A spectrum was
then taken of the slurry once every 4 minutes consisting of 124 scan for 1 hour.
2.2.7 Ultraviolet Spectroscopy
Experiments were done using UV-Vis to measure the interaction of CPBM and
BB with polymerized silica. Instrumentation used was an HP 8453 UV-Vis
spectrophotometer equipped with a 1 cm path length Q6 quartz cuvette. The general form
for the UV-Vis experiments consisted of the initial mixing of the components in a
disposable test-tube which, were then vortexed for 5 seconds. The mixed sample was
then centrifuged for 30 seconds and the supernatant was then poured into a quartz
cuvette. A full absorbance spectrum of the mixture was taken and the supernatant was
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then returned to the disposable test tube. The sample was vortexed for 5 seconds and
again centrifuged followed by the measurement of the absorbance. This process was
repeated for 50 minutes to an hour, recording the time at every absorbance reading. The
average time between the absorbance measurements for each sample was slightly over 2
minutes.
To conduct the UV-Vis CPBM experiments, approximately 0.012±0.009 g of
silica was placed into a disposable test tube followed by deionized water that had been
adjusted to either pH 3.5, 4.75 or 9.5 was added to the silica. Next in rapid succession,
BB followed by CPBM was added. For every experiment BB had an initial concentration
of 1x10-5 M. Each experiment done had a different concentration of CPBM which was
varied between 1x10-5 and 10x-5 M. When doing basic trials, it was found that a small
portion, approximately 60 μL, of 0.01 M NaOH was required to adjust the pH of the
solution neutralizing the silica yielding a final pH of approximately 9.5. Once the CPBM
had been added to the test tube, a timer was started, and a time point was recorded for
each time the solutions absorbance was read. After the components were added to the test
tube to a total volume of 4 mL, the sample was mixed by vortexing for 5 seconds
followed by centrifugation for 30 seconds. The supernatant was then decanted into a
quartz cuvette for UV-Vis analysis. Once the analysis was complete, the supernatant was
returned to the test tube, and the process of mixing, centrifuging and spectrum analysis
was continued. This was repeated for 50 minutes to 1 hour approximately. After the
experiment was complete, the full spectrum for each time point was saved for later
analysis. Peaks of interest include 260 nm for CPBM, 430 nm for acidic BB and
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615 nm for basic BB. Sample analysis was done using standards that were constructed
for both BB and CPBM at a concentration range for both acidic and basic solutions from
1x10-5 to 5x10-5 M CPBM and 2x10-6 to 10x10-6 M BB. These experiments were repeated
using silica with different coverages of reacted surface groups.
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CHAPTER III
RESULTS AND DISCUSSION
Before the reversible process of PSC and polymerized silica could be studied, the
interactions of BB and CPBM with the polymerized silica must be understood. By
understanding the interaction of BB and CPBM, the system can be characterized for
reversibility. In order to understand this interaction, experiments were conducted
focusing on the interaction of BB and CPBM with silica at various pH levels and with
varying surface coverages of polymerized silica. Experiments were conducted focusing
on the usage of UV-Vis spectroscopy and ATR-FTIR to simultaneously measure
concentration levels of solution phase BB and CPBM with verification of CPBM on the
surface of the silica through CH2 and CH3 stretching modes. Preliminary surface tension
information was collected to determine if the electrostatic attraction of the positively
charged CPBM and the negatively charged BB had an effect on critical micelle
concentration (cmc) of CPBM. All experiments for the purpose of this discussion were
conducted using in house synthesized polymerized silica. UV-Vis and IR experiments
were conducted by mixing solutions of BB and CPBM in a 5 mL disposable plastic test
tube at concentrations between 1x10-5 M and 1x10-4 M CPBM and maintaining a constant
1x10-5 M BB with 0.012±0.009 g of silica.
3.1 Surface Tension Experiments
To determine if CPBM was influenced by the presence of BB in solution, surface
tension measurements were conducted. These experiments were designed to determine if
CPBM had a columbic attraction to BB causing a change in the cmc of CPBM. The cmc
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for CPBM has been reported to be 4.1x10-4 M.15 When the surface tension was measured
under acidic (Figure 3-1) and basic (Figure 3-2) conditions from a range of 1x10-5 to
10x10-5 M CPBM, with a constant of 1x10-5 M BB, the surfactant formed micelles at
pH 3.5

Figure 3-1: Surface tension of an acidic, pH 3.5 solution of CPBM mixed with 1x10-5 M BB at different
concentration levels of CPBM ranging from 1x10-5 M to 1x10-4 M. Surface tension measurements were
taken at room temperature using the du Noüy ring method.

pH 9.5

Figure 3-2: Surface tension of an basic, pH 9.5 solution of CPBM mixed with 1x10 -5 M BB at different
concentration levels of CPBM ranging from 1x10-5 M to 1x10-4 M. Surface tension measurements were
taken at room temperature using the du Noüy ring method.
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concentration levels much lower than that of the cmc under basic conditions. Typical
deionized water at 25 ˚C has a surface tension of 71.9 dynes/cm2, when surfactants are
added to deionized water; typically the surface tension decreases until the surfactant
concentration reaches the cmc. At the cmc, as additional surfactant is added, the surface
tension decreases at a much slower rate. Surface tension measurements of the basic pH
9.5 solutions indicate that the solution is in the range of the cmc, indicating that BB is
interacting with CPBM causing it to form micelles below the cmc. This type of
occurrence is due to the electrostatic attraction of the positively charged CPBM and the 2 charged BB under basic conditions. The increasing surface tension of the basic solution
with increasing amounts of CPBM is from CPBM on the surface, leaving and forming
additional micelles. Under acidic conditions at pH 3.5 no major decrease in surface
tension was observed; however, the surface tension is slightly below the expected surface
tension of deionized water. This indicates that, unlike under basic conditions, the BB is
not interacting with the CPBM to form micelles below the cmc. Under acidic conditions
BB has a -1 charge, which is attracted to the positive CPBM; however, because the BB is
less charged, it is not strong enough to pull CPBM from the surface to form micelles
below the cmc.
3.2 Silica Titration Experiments
Following the synthesis of the polymerized silica, the silica was characterized
using ATR-FTIR to confirm the presence of unreacted anhydride in the bound polysoap
on the silica surface. It was assumed that not all of the anhydride would react in the
binding of the polysoap, allowing the polysoap on the silica surface to be identified by
the presence of an anhydride. Figure 3-3 shows the presence of the two carbonyl peaks
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that represent an anhydride at 1700 and 1780 cm-1. It should be noted that they are
slightly shifted below the expected anhydride stretching region which was correlated with
the bound polymer and silica interacting.

Figure 3-3: ATR-FTIR spectrum of the anhydride confirming that the polysoap was bound to the silica
surface.

To identify any differences found in the synthesis of the polymerized silica, each
batch of silica was titrated to determine the number of reacted surface groups present.
Titrations of silica with sodium hydroxide to determine the number of surface hydroxyls
have been reported in literature.67 When titrating silica with NaOH, the total moles of
surface hydroxide groups can be found. The titration of the polymerized silica, however,
does not yield the total number of surface hydroxide groups but the total reactive groups
found on the silica surface due to the presence of the bound polysoap, unreacted primary
amines and carboxylic acid groups. Thus by titrating the polymerized silica with NaOH,
the total number of surface reactive groups could be identified for each batch of
synthesized silica in terms of reacted hydroxide groups per gram. Silica was titrated using
0.01 M NaOH and phenolphthalein indicator and suspended in ethanol. By titration, the
total number of surface reactive groups was determined by the number of moles of
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sodium hydroxide added. Phenolphthalein indicator was used to determine the
approximate equivalence point when the silica had become reacted. Results in Table 3-1
indicate that each of the different types and batches of synthesized silica had varying
amounts of reactive surface groups. Surface reactive groups were calculated based on the
number of moles of NaOH reacted and using previously characterized in house silica
with a surface area of 500 m2/g.66 The difference in the number of surface reactive groups
was curious because the same procedures and reaction conditions being utilized for the
synthesis of the polymerized silica was identical. It is thought that the variance in reactive
Table 3-1: Silica gel suspended in 4 mL of absolute ethanol was titrated using 0.01 M
NaOH to determine relative surface coverage of hydroxyl, amine, and attached
carboxylic acid groups. Indicator used for titration end point was phenolphthalein. The
average number of μmol of surface reactive groups (total surface hydroxide groups,
amines and carboxylic acid groups) per mg titrated were determined for each batch of
silica synthesized.
Volume
Average
Silica
Added
μmol
μmol/mg
(μmol/mg )
Date
Silica Type
(mg)
(mL)
OHBatch 1
Silica
1.11
12.20
1.35
13.50
1.03
11.70
1.20
12.00
1.14
1.07
11.80
1.35
13.50
0.44
Batch 1
Aminated
10.50
0.40
4.60
0.38
Silica
12.10
0.46
4.60
0.38
0.41
16.60
0.63
6.30
0.44
Batch 1
Polymerized
26.20
1.16
11.60
Silica
0.30
10.10
0.30
3.00
0.28
10.90
0.30
3.00
0.31
0.29
13.00
0.40
4.00
0.04
Batch 2
Polymerized
11.40
0.04
0.40
0.03
Silica
14.30
0.05
0.50
0.04
0.04
13.20
0.05
0.50
0.47
Batch 3
Polymerized
11.40
0.54
5.40
Silica
0.48
12.80
0.62
6.20
0.47
0.48
9.80
0.46
4.60
0.38
Batch 4
Polymerized
8.90
0.34
3.40
0.39
Silica
10.70
0.42
4.20
0.39
0.39
10.30
0.40
4.00
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groups was caused by slight adjustments in the time allotted for refluxing in both the
synthesis of the aminated and polymerized silica. The different batches of silica were
then separated based on the relative number of surface reactive groups. The silica was
then used in experiments with CPBM and BB adjusting experimental parameters to force
BB to the polymerized silica surface by changing solution pH and CPBM concentration.
For the purposes of this thesis the polymerized silica tested was low (0.04), medium
(0.29) and high (0.48) surface reactive silica.
3.3 UV-Experiments
Simultaneous absorbance measurements were taken of BB and CPBM in solution
to measure concentration change with time for each experiment. Experiments were
conducted by placing a portion of silica in a test tube, and mixing. The sample was
centrifuged down, and the supernatant decanted into a quartz cuvette for measurement.
Absorbance spectrum were taken of the sample, and the supernatant was returned to the
test tube. The sample was then mixed, and the process was repeated measuring the
absorbance of the supernatant for 45-50 minutes, every 2.5-3 minutes. Spectra that was
collected contained two peaks of interest, a CPBM peak at 259 nm and BB at 432 nm
under acidic conditions, and BB at 617 nm under basic conditions. Experiments were
conducted at a pH of 3.5, 4.75 and 9.5. The pH level of 3.5 was chosen to ensure that the
carboxylic acid groups of the bound polysoap were protonated creating a near neutral
surface because the silica still maintains a slight negative charge. The BB has a -1 charge
at pH 3.5. At pH 4.75, the pH of the solution would be approximately at the pKa of the
carboxylic acid bound to the polysoap, creating a slightly negative surface because of the
partial deprotonation of the carboxylic acid group as well as the silica surface. The final
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pH for the experiments will be at pH 9.5, where the carboxylic acid and the silica will
both be negative. At pH 9.5, BB will undergo a proton loss garnering a -2 charge on the
compound.
3.3.1 Data Processing
A full absorbance spectrum was collected for each scan using a Hewlett-Packard
Model 8453 UV-Vis spectrophotometer and stored as a csv file to be processed using in
house programs written in MatLab©. In house programs were written to conduct
multivariate analysis to simultaneously calculate the concentration levels of BB and
CPBM extracted from the same spectrum. Extraction of peaks was necessary because of
the broad spectrum absorbance found in BB from absorbance at 200-600 nm under acidic
conditions (Figure 3-4A) and 200-700 nm under basic conditions (Figure 3-4B). The

A

B

C

D

Figure 3-4: Individual spectrum of acidic BB (A), basic BB (B) and acidic CPBM (C) demonstrating how
the molecules when in solution have overlapping absorbance regions. When BB and CPBM are combined
in solution (D), the absorbance for CPBM is additive with that of BB.
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broad absorbances overlap the region where CPBM absorbs which is a narrow range of
200-300 nm under both acidic and basic conditions (Figure 3-4C). When CPBM and BB
are combined in solution (Figure 3-4D), the absorbances of both species overlap leading
to the need for multivariate analysis to extract the magnitude of both peaks for
concentration quantification.
A challenging aspect to writing an analysis program stemmed from the drifting
baseline, which occurred when silica particles were not pulled down during
centrifugation. The result of such an interaction causes a shift in the ultra-violet portion
of the spectrum which must be corrected for. Other corrections that must be written into
the code include baseline slants and varying spectrum baseline heights caused by
sampling error. The processing of the BB and CPBM spectrum allowed for the
absorbance of the BB component and the absorbance of the CPBM component to be
extracted. The extraction of the peaks was done by first undergoing a baseline subtraction
in the visible region to level out all spectra (Figure 3-5A). Once done, the absorbance
corresponding with the BB could be tabulated for concentration calculations.
To extract the CPBM component, it was found that a simple processing technique
could be employed that removed all absorbances that corresponded with BB. This was
required due to the overlapping peak between BB and CPBM. In some instances, the BB
absorbance across the ultra violet region was inconsistent with the λmax peak. By
comparing a series of standards of BB, it was found that the absorbance of pure BB
across any point within the range of 240-600 nm increased with a linear proportion.
Therefore by scaling a spectra of pure BB to match the peak height of the sample BB
(Figure 3-5B), it was possible to subtract the absorbance of BB from the sample spectrum
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leaving the CPBM spectrum (Figure 3-5C). Often during the subtraction process, the
CPBM peak did not have a level baseline due to the presence of fine silica particles in
solution and a baseline correction was done to level out the spectra. (Figure 3-5D) Once
the spectra was leveled, a 2 point baseline correction was applied to the CPBM before
peak picking the maximum absorbance for the CPBM sample (Figure 3-5E). An example

A

B

C

D

E

Figure 3-5: The process for extracting both BB and CPBM absorbances from a single spectra was done by
first baseline correcting the spectra (A). A standard of pure BB was scaled to match the experimental BB
(B) and then the experimental BB was subtracted from the experimental BB (C). Correction was done to the
baseline of the spectra (D) and a 2-point baseline correction was done to extract out the CPBM peak (E).
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of spectrum correction and isoloation is shown in (Figure 3-6) where BB absobances can
be exctracted at each time point, and CPBM was isolated to extract
the absorbances at the same time points.
CPBM and BB

A

CPBM

B

Figure 3-6: Corrected spectrum of BB with CPBM showing the absorbance decrease with time in minutes
(A). Corrected spectrum of CPBM showing the 2-point baseline subtraction after the removal of BB from
the spectrum (B).

By taking the pure spectra of BB and CPBM individually, a calibration curve was
constructed for both the BB and CPBM. By finding the linear slope of the calibration
curve, the molar absorptivity for BB and CPBM was found at the λmax reported in Table
0-1Table 3-2. The quantification for each sample was done using Beer Lamberts law. (31)Beer-Lamberts law defines the absorbance of a molecule proportional to the molar
absorptivity multiplied by the path length of a sample cuvette and the concentration of the
sample. By isolating both the CPBM and BB, it became possible to use the molar
absorptivity of each compound at its λmax, and the need to undergo simultaneous
multivariate analysis was negated. By using matrices, it became possible to load all the
absorbances for BB and CPBM from a single experiment into a single matrix, with the
absorbance of BB in row 1 and the absorbance of CPBM in row 2 of the matrix. By
multiplying by an inverse matrix which contains the CPBM molar absorptivity (row 1,
column 2) and the molar absorptivity of BB (row 2, column 1), a single matrix is formed
as a result which contains the concentration of CPBM in row 1 and the concentration of
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BB in row 2 shown in equation(3-2). By plotting the concentration of both CPBM and
BB against time, a trend for the occurrence of attraction or repulsion can be established
based on the change in concentration with time.
An intriguing phenomenon which occurred when measuring the absorbances of
BB and CPBM when mixed above initial concentrations of 5x10-5 M CPBM, was a slight
peak shift at the λmax of BB. Under acidic conditions when initial concentrations of
CPBM were above 5x10-5 M, BB had a λmax at 428 nm and when below that
concentration, a λmax at 432 nm. (Figure 3-7) This type of interaction also occurred under
basic conditions, shifting the BB peak from 617 nm to 627 nm. The type of shift is
indicative that CPBM was forming micelles around BB at concentrations below CPBM’s
cmc.15 The interaction correlates with surface tension data, indicating that micelles are
indeed forming under basic conditions, and under acidic, a slight interaction between BB
and CPBM occurred. In order to verify that such a shift was occurring with the BB as it
interacted with CPBM, an in house model was generated to compare the experimental BB
peak with that of a BB standard peak in micelle and in bulk solution. The model
Table 3-2: The molar absorptivity for BB and CPBM at λmax for each compound at the 3
pH levels used in experiments.
λmax
(nm)
pH 3.5 (Lmol-1cm-1) pH 4.75 (Lmol-1cm-1) pH 9.5 (Lmol-1cm-1)
CPBM
259
3848.5
3920.9
3852.0
BB
259
6614.5
7408.6
5817.0
BB
432
17491.3
18681.1
BB
617
41100.6

[

𝐴 = 𝜀𝑏𝑐

(3-1)

𝐶𝑃𝐵𝑀 𝑐𝑜𝑛𝑐.
0
3848.5 −1 𝐵𝐵 𝑎𝑏𝑠.
] [
]=[
]
𝐵𝐵 𝑐𝑜𝑛𝑐.
17491.3
0
𝐶𝑃𝐵𝑀 𝑎𝑏𝑠.

(3-2)
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consisted of finding what percentage of the peak was representative of BB in micelle with
CPBM and percentage free in bulk solution. The model functioned by taking the
experimental BB and creating a matrix of standard BB with CPBM and BB without
CPBM, matching the peak height of both spectra to the experimental BB. It should be
noted that when in micelle, BB had a slightly lower absorbance than without which
correlated with already published data done by Holmes et al.(15) Once the two peak
heights were matched a model spectrum was constructed by taking the BB in micelle and
multiplied by a scalar, X, and adding it to BB without micelle multiplied by a scalar, Y.
(3-3) Then the program would subtract every data point from the experimental peak from
the model, looping until a minima was found by changing the scalar X and Y. (3-4)
Once the program was finished a matrix was generated that contained the columns
of X and Y. X represented the proportion of BB in micelle and Y represented that in bulk
solution. Comparison of the model spectra with experimental spectra produced an almost
identical match (Figure 3-8). By modeling each experiment it was possible to determine
at each data point if BB was in micelle form with BB or in bulk solution based on the X
and Y scalars. When Y was above 0.5, and X was below, it meant that BB was out of

A

B

Figure 3-7: (A) Absorbance peak of BB under acidic conditions demonstrating a shift in absorbance from
428 nm to 432 nm λmax when CPBM was present. Under basic conditions the (B) absorbance shift from 617
to 627 nm λmax resulted as well from the concentration of CPBM decreasing.
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micelle. When X was above 0.5, and Y was below 0.5 it meant that BB was in micelle
with CPBM. The acidic CPBM and BB did induce a shift in the BB spectrum, though not
to the extent of the basic CPBM and BB interactions. The shift under acidic conditions
indicates that BB and CPBM do have an interaction and form an aggregate complex
rather than a micelle correlating with the acidic surface tension data. In the following
data, when BB and CPBM experiments were conducted and BB was in micelle or an
aggregate complex with CPBM, a diamond was placed on the graph. When BB is in bulk
solution, a star was placed on the graph. In experiments at high enough concentrations of
CPBM, a shift was seen in the BB as it transferred from micelle to bulk.
Out of Micelle

A

In Micelle w/ CPBM

Out of Micelle

In Micelle w/ CPBM

B

Figure 3-8: Basic BB mixed with CPBM showing the 10 nm shift in BB’s absorbance when in micelle with
CPBM (A). The graph demonstrates based on two standards of BB, one with CPBM and one without, the
shift observed by BB’s interaction with the CPBM micelle. A model was constructed showing the fit
between the model and the raw data. This was deduced by the model X scalar, having a value of 1 and the
Y scalar having a value of 0. When CPBM is diminished concentration or removed from the system (B), a
shift occurs in the spectrum demonstrating that no micelles are present, confirmed by an X scalar of 0.07
and a Y scalar of 0.92. The model then predicts the extent of BB’s interaction displaying that the spectrum
matches that of the pure BB without the presence of CPBM.

𝑚𝑜𝑑𝑒𝑙 = 𝑋 ∗ (𝐵𝐵𝑚𝑖𝑐𝑒𝑙𝑙𝑒 ) + 𝑌 ∗ (𝐵𝐵𝑏𝑢𝑙𝑘 )

(3-3)

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑑 = (𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝑚𝑜𝑑𝑒𝑙)2

(3-4)
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3.3.2 UV-Vis Experiments at pH 3.5
By changing the concentration of CPBM and maintaining a constant
concentration of BB, the attraction of BB and CPBM was measured at pH 3.5 using
silica, aminated silica and silica that was polymerized with a surface reactivity of 0.04,
0.29 and 0.48 μmol/mg. Control experiments at pH 3.5 were done using silica gel,
measuring the solution concentration of BB (Figure 3-9A) to determine if an attraction to
silica without the presence of CPBM occurred. Due to the negative charge on silica’s
surface and the negative charge on the BB, no attraction was observed.
A similar experiment was conducted using CPBM (Figure 3-9B) at two
concentration levels, 1x10-5 and 1x10-4 M, to determine if attraction to silica was seen.
With silica having a negative charge, and CPBM a positive charge, attraction was
expected to be observed. Surprisingly only a slight attraction was seen at both
concentration levels indicating that the nonpolar portion of the surfactant molecule did
not favor the silica surface compared to bulk. Preliminary experiments were done as well
using aminated silica to determine the attraction of BB (Figure 3-9C). Attraction of BB
was observed indicating that the protonated amine gave the silica surface an overall
positive charge, which caused the negatively charged BB to have an electrostatic
attraction to it. Experiments using CPBM (Figure 3-9D) showed that very slight to no
attraction of CPBM occurred, which was due to the electrostatic repulsion of the
positively charged surface and the positively charged CPBM. When BB (Figure 3-9E)
was exposed to a polymerized silica surface at 0.48 μmol/mg, attraction was observed to
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the surface with a similar trend as seen with the aminated silica. Contrary to the aminated
silica, CPBM (Figure 3-9F) was attracted to the polymerized silica. A decrease in
solution concentration was observed until a constant concentration was reached,
indicating a loading capacity for the polymerized silica was reached.

Silica

A

Silica

B
Aminated Silica
Aminated Silica

C

D
0.48 μmol/mg Polymerized Silica

E

0.48 μmol/mg Polymerized Silica

F

Figure 3-9: UV-Vis trials of BB (A) and CPBM (B) alone in solution at pH 3.5 measuring if attraction
occurs with the individual component to silica gel. UV-Vis trials of BB (C) and CPBM (D) alone in
solution at pH 3.5 measuring if attraction occurs with the individual component to aminated silica gel. UVVis trials of BB (E) and CPBM (F) alone in solution at pH 3.5 measuring if attraction occurs with the
individual component to 0.48 μmol/mg polymerized silica gel.
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To understand the interaction of BB and CPBM in solution, 1x10 M BB and
5x10-5 M CPBM were combined in solution and the absorbance was measured with time
to determine the interaction with a silica surface and with an aminated silica surface at
pH 3.5. With silica, an attraction of both BB (Figure 3-10A) and CPBM was seen (Figure
3-10B) to the silica gel. Interestingly, BB was attracted to the silica gel under acidic
conditions. With the presence of the CPBM on the surface, BB then had a slight
attraction due to the charge minimization on the surface caused by the CPBM. CPBM
had a slight attraction to the silica surface, however, a portion of the solution phase
remained and did not travel to the silica surface indicating a loading capacity had been
reached. In comparing BB with the model to determine the amount of BB in micelle, it

Silica

Silica
In micelle

Out of micelle

B

A

Aminated Silica

C

Aminated Silica

D

Figure 3-10: UV-Vis trials of 1x10-5 M BB and 5x10-5 M CPBM mixed with silica gel at pH 3.5. The
correlating BB peak (A) and CPBM peak (B) show the solution concentration of each species in solution.
UV-Vis trials of 1x10-5 M BB and 5x10-5 M CPBM mixed with aminated silica gel at pH 3.5. The
correlating BB peak (C) and CPBM peak (D) show the solution concentrations were slightly attracted,
however, attraction was lower than that of silica.
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was found that once CPBM had reached a solution concentration of approximately 18
µM, BB left the CPBM micelle. When BB (Figure 3-10C) and CPBM (Figure 3-10D)
were exposed to an aminated surface, no attraction of both BB and CPBM occurred, and
BB remained in micelle with CPBM for the duration of the experiment.
Further experiments were conducted using polymerized silica with varying
surface reactivity. As the surface reactivity was increased on polymerized silica, so does
the amount of bound polysoap, which enables a charge neutral surface as well as a larger
region of hydrophobicity caused by the presence of the bound styrene on the silica
surface. BB and CPBM mixtures were tested at pH 3.5 using 0.04, 0.29 and 0.48
μmol/mg polymerized silica. When BB and CPBM were exposed to a 0.04 μmol/mg
reactive surface, BB (Figure 3-11A) and CPBM (Figure 3-11B) attraction occurred.
Interestingly, as initial concentrations of CPBM were increased, the amount of BB that
traveled to the polymerized silica surface decreased. Modeling of BB at the different
CPBM concentrations yielded that at low initial solution concentrations of CPBM, BB
did not induce an aggregates with CPBM, however, at the higher, 3x10-5 and 10x10-5 M
initial CPBM concentrations, BB did form aggregates with CPBM.
Experiments using 0.29 μmol/mg polymerized silica show an overall attraction of
both BB (Figure 3-11C) and CPBM (Figure 3-11D). With time all solution phase BB was
transferred to the polymerized silica surface, however, the time to surface transfer of the
BB was dependent upon the concentration of solution phase CPBM. It should be noted
that the concentration of BB for 1x10-5 and 8x10-5 M CPBM trials are too high due to the
doubling of the BB concentration during solution preparation. An overall transfer of the
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CPBM from the solution phase to polymerized surface occurred as well. A loading
capacity for the polymerized silica was seen for CPBM that had initial concentrations that
were above 5x10-5 M. Modeling of the BB determined that with the initial concentration
0.04 μmol/mg Polymerized Silica

0.04 μmol/mg Polymerized Silica

In micelle
Out of micelle

A

B
0.29 μmol/mg Polymerized Silica

C

0.29 μmol/mg Polymerized Silica

D
0.48 μmol/mg Polymerized Silica

E

0.48 μmol/mg Polymerized Silica

F

Figure 3-11: UV-Vis trials of BB and CPBM under pH 3.5 conditions with polymerized silica using the
surface reactivity of 0.04, 0.29 and 0.48 μmol/mg. Solution concentrations of BB (A) mixed with CPBM
(B) were recorded against time for 0.04 μmol/mg polymerized silica. A similar experiment was conducted
recording the solution concentrations of BB (C) and CPBM (D) with 0.29 μmol/mg polymerized silica. The
experiments were then repeated using BB (E) mixed with CPBM (F) and 0.48 μmol/mg polymerized silica.
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of 5x10 and 10x10 M CPBM, BB was in micelle with CPBM, and once the solution
concentration of CPBM reached approximately 18 µM, BB left the micelle.
Further increasing the surface reactivity for the polymerized silica to 0.48 caused
the time for BB (Figure 3-11E) to absorb to the silica surface to drastically increase as
compared to BB with 0.29 μmol/mg silica. CPBM (Figure 3-11F) was attracted to the
polymerized silica as well with correlated increase rates that were comparable with BB.
Interestingly, at 1x10-4 M CPBM, when using 0.48 μmol/mg polymerized silica, a lower
amount of CPBM was loaded onto the surface compared to the 0.29 μmol/mg
polymerized silica. Analyzing BB with the model to determine when BB left micelle with
CPBM, it was found that initial concentrations of CPBM at and above 5x10-5 M caused
micelles to form with BB. Once the solution concentration of CPBM was reduced by
adsorption to the silica surface to approximately 16 µM, BB left the micelle with CPBM.
3.3.3 UV-Vis Experiments at pH 4.75
To further understand the nature of the attraction of BB and CPBM to the
polymerized silica, the pH of the experiments was adjusted to pH 4.75. At a pH of 4.75
the pH of the solution becomes approximately the value of the pKa for the carboxylic
acid found in the bound polysoap on the silica surface. By maintaining a pH close to the
pKa, the proton found in the carboxylic acid will be partially disassociated allowing for
the silica surface to have a slight negative charge in addition to the overall negative
charge of the silica surface. By having a slight negative charge on the surface it was
theorized that the CPBM would have a higher attraction because of its positive charge,
and affinity for the bound styrene groups on the surface. As CPBM was attracted to the
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slightly negative surface, it was thought that BB would then become attracted because of
the electrostatic charge minimization of the two negative species by the positive CPBM.
Initial investigation of BB and CPBM at pH 4.75 began with the interaction of BB
alone in solution with silica gel. (Figure 3-12A) A small initial attraction of BB occurred
to the silica surface, despite the negative charge found on the silica gel, however, the
attraction was short lived with a repulsion later occurring. It should be noted that this
experiment should have initially started with a concentration of 10 µM; however, a
slightly lower concentration was used. Regardless, the trend shows that BB is not
attracted to the silica surface due to the electrostatic repulsion. When CPBM was exposed
to the silica surface, a major attraction occurs due to the coulombic attraction between the
surface and the CPBM. (Figure 3-12B) When the initial concentration of CPBM was
increased to 1x10-4 M, a loading capacity occurred with the silica surface and a portion of
CPBM remained in solution.
Exposing BB to an aminated surface resulted in a large attraction to the surface,
removing solution phase BB. (Figure 3-12C) This attraction correlates well with the
aminated silica at pH 3.5. Introducing CPBM to aminated silica showed that no attraction
occurred between the aminated silica and CPBM. (Figure 3-12D) The trend from this
experiment was similar to the experiment at pH 3.5, where no attraction was observed.
The repulsion remains unsurprising due to the amine remaining protonated, garnering an
overall positive charge ultimately repulsing the positively charged CPBM away. When
the BB was exposed individually to a 0.29 μmol/mg polymerized silica surface
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Aminated Silica
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Figure 3-12: UV-Vis trials of BB (A) and CPBM (B) alone in solution at pH 4.75 measuring if attraction
occurs with the individual component to silica gel. UV-Vis trials of BB (C) and CPBM (D) alone in
solution at pH 4.75 measuring if attraction occurs with the individual component to aminated silica gel.
UV-Vis trials of BB (E) and CPBM (F) alone in solution at pH 4.75 measuring if attraction occurs with the
individual component to 0.29 μmol/mg polymerized silica gel. UV-Vis trials of BB (G) and CPBM (H)
alone in solution at pH 4.75 measuring if attraction occurs with the individual component to 0.48 μmol/mg
polymerized silica gel.
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(Figure 3-12E), only a slight attraction of BB was observed. This phenomena was
unexpected because it was thought that BB would interact with the styrene groups. This
reaction indicates that the majority of the BB remained in solution When CPBM was
exposed to the 0.29 μmol/mg polymerized silica surface (Figure 3-12F), little to no
attraction was observed, which indicated that the surface caused an electrostatic repulsion
with the CPBM most likely from the surface containing a large number of pronated
amines in addition to the bound polysoap. Exposure of BB to a 0.48 μmol/mg surface
(Figure 3-12G) caused a major attraction of BB to the surface. The higher surface
reactivity with the silica was indication that the bound polysoap with the styrene was
interacting with BB and was able to overcome the electrostatic repulsion with the silica
surface and the partially negatively charged carboxylic acid groups. CPBM also yielded a
strong interaction with the 0.48 μmol/mg polymerized silica, showing silica’s attraction
to the surface. (Figure 3-12H) Comparing this interaction with pH 4.75 silica gel, a
greater attraction was seen with the polymerized silica. Polymerized silica had a larger
loading capacity for BB and CPBM.
The combination of BB and CPBM in solution was tested against silica gel, where
an attraction of both BB (Figure 3-13A) and CPBM (Figure 3-13B) occurred at a
concentration level of 1x10-5 M BB and 5x10-5 M CPBM removing all of the solution
phase BB and the majority of solution phase CPBM. This indicates that both CPBM and
BB when combined, allow for a much larger loading on the silica surface. It should be
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Figure 3-13: UV-Vis trials of 1x10-5 M BB and 5x10-5 M CPBM mixed with silica gel at pH 4.75. The
correlating BB peak (A) and CPBM peak (B) show the solution concentration of each species in solution.
UV-Vis trials of 1x10-5 M BB and 5x10-5 M CPBM mixed with aminated silica gel at pH 4.75. The
correlating BB peak (C) and CPBM peak (D) show the solution concentration of each species in solution.
The appearance of basic BB was observed with increasing concentration with time (E).

noted that initially CPBM had a major attraction, returned to solution and then was
attracted again to the surface. When both BB (Figure 3-13C) and CPBM (Figure 3-13D)
were tested against an aminated surface, attraction of both species was observed. The BB
was attracted to the aminated surface in its entirety, however, the CPBM only had a
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portion of the solution phase CPBM removed to the surface. As BB traveled to the
surface, and intriguing phenomenon occurred, where the acidic BB was all drawn to the
surface, however, the surface and solution visually started appearing blue. BB underwent
a proton transfer with the surface causing the formation of the basic BB under acidic, pH
4.75 initial starting conditions. (Figure 3-13E) The proton loss did not occur when CPBM
and BB interacted with the surface individually. As the basic BB was formed, the BB
transferred to the solution phase away from the surface because of its repulsion with the
silica surface. Modeling of both silica and aminated silica experiments showed that the
silica BB initially was in micelle with CPBM, however, as BB and CPBM transferred to
the surface, the micelles were broken. The aminated experiments however, for both BB
and CPBM, had micelles because of solution phase CPBM having a large bulk
concentration. This was determined by the shift in both the acidic and basic BB spectrum.
The fact the CPBM formed micelles with BB during the acidic to basic transfer for BB,
indicated that CPBM could have enabled the proton transfer by stabilizing the basic BB
once the proton was removed.
To determine how the interaction of BB and CPBM were affected by the presence
of a polymerized silica surface, experiments were conducted using 0.29 and 0.48
μmol/mg polymerized silica. When BB (Figure 3-14A) and CPBM (Figure 3-14B) were
exposed to 0.29 μmol/mg polymerized silica, significant attraction of both BB and CPBM
only occurred when the concentration of CPBM was low, 1x10-5 M CPBM. As the
concentration of CPBM was increased, the amount and the rate at which BB went to the
polymerized silica surface was drastically diminished. At 5 and 10x10-5 M CPBM, BB
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was slightly attracted at a constant rate to the surface, however, CPBM was not attracted
to the polymerized silica. In looking at 10x10-5 M CPBM, an initial spike in the solution
concentration was observed indicating that CPBM was initially attracted to the surface,
and then returned to bulk solution. The solution concentrations of CPBM indicate that the
loading capacity for the polymerized silica was met before the first data point could be
collected. The lack of change for the BB concentration can be explained by the dyes
strong attraction to form micelles with CPBM, creating competition for the absorbed
surface amounts BB. The increase in surface reactivity of the polymerized silica to 0.48
μmol/mg, however, allowed for the total adsorption of both BB (Figure 3-14C) and
CPBM ( Figure 3-14D) to the surface. The difference in attraction of the two different
0.29 μmol/mg Polymerized Silica

0.29 μmol/mg Polymerized Silica

In micelle
Out of micelle

A

B
0.48 μmol/mg Polymerized Silica

C

0.48 μmol/mg Polymerized Silica

D

Figure 3-14: UV-Vis trials of BB and CPBM under pH 4.75 conditions with polymerized silica using the
surface reactivity of 0.29 and 0.48 μmol/mg. Solution concentrations of BB (A) mixed with CPBM (B)
were recorded against time for 0.29 μmol/mg polymerized silica. A similar experiment was conducted
recording the solution concentrations of BB (C) and CPBM (D) with 0.48 μmol/mg polymerized silica.

56
polymerized silicas indicated that surface reactivity plays an important role in the
absorption of both CPBM and BB. The attraction of BB and CPBM occurred at all
concentration levels used for CPBM. Initial rates for the transfer for both BB and CPBM
from solution phase to the polymerized surface slowed by increasing CPBM
concentration. As the concentration of CPBM was increased, a correlating slightly greater
amount of time to surface was observed because of the interference of micelles formed
between BB and CPBM. Modeling of BB in both polymerized silicas showed that BB
and CPBM formed micelles at 5x10-5 and 10x10-5 M CPBM. The 0.48 μmol/mg
polymerized silica, however, drew both CPBM and BB to the surface breaking the
formation of bulk solution micelles.
3.3.4 UV-Vis Experiments at pH 9.5
Understanding of how CPBM and BB interact under basic conditions is
fundamental in creating a reversible attraction system of both BB and CPBM. When the
solutions of BB (Figure 3-15A) were adjusted to pH 9.5 and exposed to silica gel, no
attraction was observed to the surface. When CPBM was exposed individually to the
silica gel (Figure 3-15B), a major attraction occurred at all concentration levels tested,
resulting in the removal of CPBM from solution to the silica surface. A small solution
concentration of CPBM remained at approximately 5 µM. When BB was exposed to an
aminated surface (Figure 3-15C), an initial attraction of BB occurred onto the aminated
silica surface, however, with time, the BB left. The repulsion is due to the negative
charge on the aminated silica surface caused by the silica gel. Exposure of CPBM to the
aminated silica surface (Figure 3-15D) led to all of the CPBM at all concentration levels
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being attracted before the first data point could be collected. The massive attraction is the
coulombic attraction of the positively charged CPBM and the negatively charged
aminated silica. Under basic conditions, the amine is no longer protonated, causing the
amine to become neutrally charged, yielding an overall net negative charge to the surface
because of the silica. Using BB (Figure 3-15E) with a surface of 0.48 μmol/mg showed
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Figure 3-15: UV-Vis trials of BB (A) and CPBM (B) alone in solution at pH 9.5 measuring if attraction
occurs with the individual component to silica gel. UV-Vis trials of BB (C) and CPBM (D) alone in
solution at pH 9.5 measuring if attraction occurs with the individual component to aminated silica gel. UVVis trials of BB (E) and CPBM (F) alone in solution at pH 9.5 measuring if attraction occurs with the
individual component to 0.48 μmol/mg polymerized silica gel.

58
no attraction to surface. CPBM (Figure 3-15F) when exposed demonstrated a major
attraction to the polymerized silica surface, reaching a carrying capacity of 2.5 µM
CPBM.
The combination of BB and CPBM was tested against both silica and aminated
silica to determine the extent of attraction to the two surface types. Combining BB
(Figure 3-16A) and CPBM (Figure 3-16B) with the silica surface demonstrated an
attraction of both species to the silica gel surface reaching a loading capacity. The
presence of the CPBM enabled a charge minimization on the surface allowing BB to have
attraction. Without the presence of CPBM as seen previously, BB would not be attracted
to the surface. When the species were exposed to an aminated surface, initial attraction of
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Figure 3-16: UV-Vis trials of 1x10-5 M BB and 5x10-5 M CPBM mixed with silica gel at pH 4.75. The
correlating BB peak (A) and CPBM peak (B) show the solution concentration of each species in solution.
UV-Vis trials of 1x10-5 M BB and 5x10-5 M CPBM mixed with aminated silica gel at pH 4.75. The
correlating BB peak (C) and CPBM peak (D).
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BB (Figure 3-16C) occurred to the aminated silica, however, after a 10 minute period the
BB left the surface slowly increasing in solution concentration. CPBM with aminated
silica (Figure 3-16D) was attracted to the silica surface in its entirety before the first data
point was collected. The initial disappearance of solution phase BB indicates that BB
initially was on the aminated surface with the CPBM, however, a rearrangement of the
CPBM and the surface amines occurred allowing BB to see the negative silica surface,
and be repulsed from the surface. Modeling of the BB peak determined that with silica
gel, initially BB was in micelle with CPBM, however, as BB and CPBM were drawn to
the surface, BB left the micelle with CPBM. With the aminated silica, because all of the
CPBM was removed to the surface initially, no observance of micelles were measured.
Three different types, 0.04, 0.29 and 0.48 μmol/mg, of polymerized silica were
investigated at pH 9.5 for the interaction of BB and CPBM. Initial investigation studied
0.04 μmol/mg mixed with BB and CPBM. BB (Figure 3-17A) showed an initial
attraction to the polymerized silica surface, however, with time BB slowly returned to
solution. This was seen to correlate with CPBM (Figure 3-17B) increasing in surface
adsorption concentration. As the amount of CPBM increased on the surface though the
negative surface charge was minimized, BB returned to solution. It is thought that as
CPBM is adsorbed to the surface, a conformational rearrangement of the bound polysoap
occurs, causing BB to return to bulk solution. Increasing the surface reactivity of the
polymerized silica to 0.29 μmol/mg resulted in a hindrance for BB (Figure 3-17C) to
adsorb to the polysoap surface. This was correlated with CPBM’s (Figure 3-17D)
complete attraction to the surface. Initial attraction was seen of the BB, however, after 10
minutes, BB left the surface reaching a stabilized solution surface equilibrium. Increasing
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the initial solution concentration of CPBM affected the solution concentration of BB by
allowing a greater amount of BB to become attracted to the surface because of the
negative charge minimization by CPBM. Further increasing the surface reactivity to a
polymerized silica of 0.48 μmol/mg resulted in little to no attraction of BB to the surface
(Figure 3-17E). An initial slight attraction was observed for the BB and increasing the
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Figure 3-17: UV-Vis trials of BB and CPBM under pH 9.5 conditions with polymerized silica using the
surface reactivity of 0.04, 0.29 and 0.48 μmol/mg. Solution concentrations of BB (A) mixed with CPBM
(B) were recorded against time for 0.04 μmol/mg polymerized silica. A similar experiment was conducted
recording the solution concentrations of BB (C) and CPBM (D) with 0.29 μmol/mg polymerized silica. The
experiments were then repeated using BB (E) mixed with CPBM (F) and 0.48 μmol/mg polymerized silica.
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initial concentration of CPBM allowed slightly more BB onto the surface, however, the
bulk solution concentration remained approximately the same as the starting BB
concentration. CPBM (Figure 3-17F) was attracted to the polymerized surface, however,
at higher initial concentrations, a small concentration of CPBM remained in solution.
Modeling of the BB peak to determine the extent of BB in micelle determined that
concentrations of initial CPBM at 50 µM and higher caused the formation of micelles.
With the higher surface reactivities, CPBM left micelle almost immediately after the start
of the experiment correlating with a rapid decrease in solution CPBM concentration. For
the low surface reactive silica, the time of adsorption for the CPBM was longer, allowing
the micelles to exist longer.
3.3.5 Visual Conformation on Surface
Visual conformation was seen of both BB and CPBM to the polymerized silica
surface. (Figure 3-18) During and after experiments were conducted, a visible change
was observed by the disappearance for acidic and basic BB in solution and the

A B C

D

Figure 3-18: pH 9.5 CPBM mixed with BB (A) and pH 9.5 CPBM mixed with BB and polymerized silica
after experiment (B). pH 3.5 CPBM mixed with BB (C) and pH 3.5 CPBM mixed with BB and
polymerized silica after experiment (D).
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appearance of BB on the silica surface. This change was seen by the basic solution
turning slightly less blue, and the appearance of blue BB on the yellow polymerized silica
surface. For the acidic solutions, this change was seen by a decrease in the solution
yellow color and an increase in the yellow color of the polymerized silica surface.
3.4 ATR-FTIR Conformation Experiments
The UV-Vis experiments conducted investigated the solution phase of BB and
CPBM in the presence of a silica surface. These types of experiments investigated the
loss of particulate from solution and assumed that the molecules traveled to the surface.
Without spectral proof, the BB and CPBM could be precipitating out of solution as they
interacted. To verify that BB and CPBM were indeed being adsorbed onto silica surface
the ATR-FTIR experiments were utilized to investigate if CPBM could be observed on
the silica surface. CPBM and BB experiments were conducted by mixing the two
components together in the presence of a silica surface, and votexing vigorously. The
mixture was then allowed to rest for a period of time and then an ATR-FTIR Brücker
alpha spectrophotometer was used to measure the infrared spectrum of the silica for the
appearance of a carbon hydrogen stretching mode at 2860 cm-1 for the CH2 symmetric
stretch, 2920 cm-1 for the CH2 asymmetric stretch and 2954 cm-1 for the CH3 asymmetric
stretch.68
To determine if CPBM could be identified on the silica surface due to the
interference of the bulky structure of the bound polysoap,
Poly(diallyldimethylammonium chloride) (PDADMAC) was used as a model molecule
for observation. The purpose for choosing PDADMAC stemmed from the two methyl
groups bound to a positively charged nitrogen. If PDAMAC were to absorb onto silica,
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the CH2 and CH3 asymmetric stretching modes should be observable. PDADMAC was
then tested at 1x10-4 M monomer using 3 different pH levels, 3.5, 7 and 10.3. Due to the
aqueous environment of the polymerized silica and PDADMAC, the stretching modes for
CH2 and CH3 were hidden within the water peak (Figure 3-19A). Spectral subtraction of
water then yielded the bending modes of CH2 and CH3 demonstrating that PDADMAC
was adsorbed to the silica surface (Figure 3-19B). When solution phase PDADMAC was
measured, no observable CH2 and CH3 bending modes were seen for the concentration
levels of PDADMAC, thus by spectrum subtraction the peaks on the polymerized silica
were indeed absorbed PDADMAC. Interestingly, pH 7 showed the highest adsorption of
PDADMAC. It was theorized that pH 10 should absorb the most PDADMAC due to the
high electrostatic attraction between the negative surface and the positive PDADMAC.
Findings indicate that some type of conformational change could be occurring with the
bound polysoap interfering with the adsorption of PDADMAC.
Conformation of the PDADMAC allowed for the trial of CPBM at the pH of 3, 7
and 10 with the polymerized silica. By mixing CPBM at 5x10-5 M with 0.29 μmol/mg
silica, vortexing for 1 minute, 10 minutes of sonication and a rest period of 1 hour, IR
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B

Figure 3-19: Single spectra of polymerized silica mixed with PDADMAC (A) taken with an ATR-FTIR.
PDADMAC at 1x10-4 M monomer with 3 different pH levels, 3.5, 7 and 10.5 (B). Spectra were corrected
by normalizing the silica peaks and subtracting a spectra of silica in water. Samples were allowed to sit for
2 hours before spectra were taken. Silica used in these experiments was 0.29 μmol/mg silica.
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spectra was taken. Spectra subtraction of water was required to observe the peaks, and
yielded that CPBM was indeed on the surface of the polymerized silica (Figure 3-20).
Intriguingly, pH 10 should have maintained the highest absorption of CPBM, however,
pH 7 like in the PDADMAC experiments had the largest peak. Due to this trend one
theory formulated was that pH effected the bending modes of both PDADMAC and
CPBM causing this skewing of absorbance intensity.

Figure 3-20: Investigating the effect of pH polymerized silica with BB and CPBM using 0.29 μmol/mg
silica. Solutions were made, and mixed vigorously for 1 min, followed by sonication for 10 minutes.
Samples were then allowed to rest and IR spectrum was taken of the silica.

To mimic experiments conducted using UV-Vis spectroscopy, polymerized silica
was exposed to a mixture of BB and CPBM. An aliquot was removed and placed on the
ATR crystal of the IR. Spectra were taken every 5 minutes to observe if an increase in the
CPBM bending mode absorbances could be observed. (Figure 3-21) A change in peak
intensity occurred decreasing peak height as time was increased. This type of interaction
demonstrated that as time progressed, CPBM was on the surface and rearranged to form
some type of stable adsorbed structure within the polysoap. The interaction of CPBM and
the surface was diffusion limited in this experiment and fit within the time scales of the
UV-Vis experiments. By taking the peak heights and plotting them with time, it was
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found that the concentrations of CPBM decreased with time, reaching a solution: surface
equilibrium. The ratio of the two CPBM bending modes remained consistent after the
first data point, confirming CPBM on the surface and that an equilibrium in concentration
with time occurred.

Figure 3-21: ATR FTIR spectrum of 5x10-5 M CPBM and 1x10-5 BB taken after initial mixing every 5
minutes at pH 3.5. Peaks correlate with a water subtracted spectrum showing CPBM adsorbed to the
polysoap surface 0.48 μmol/mg. Peak heights were then plotted against time.

To confirm that CPBM was indeed traveling to the polymerized silica for the
various UV-Vis experiments conducted rather than precipitating out of solution or
adsorbing to the plastic test tubes utilized, IR spectral conformation was done. After a
UV-Vis experiment a portion of polymerized silica was removed from 3 separate
experiments at varying concentration levels. ATR-FTIR spectra was taken and CPBM
was observed on the polymerized silica surface (Figure 3-22). An increased peak
intensity was seen with increasing concentration of CPBM, verifying the results from the
UV-Vis experiments that CPBM and BB were indeed adsorbing to the silica surface.
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Figure 3-22: ATR FTIR spectra of 1x10-5, 5x10-,5 and 10x10-5 M CPBM mixed with 1x10-5 M of BB and
0.48 μmol/mg polymerized silica after the completion of a 50 minute UV-Vis pH 3.5 experiment
demonstrating CPBM on the silica surface.
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CHAPTER IV
CONCLUSION
Baseline studies on the interaction of BB and CPBM were conducted to
understand the molecular interaction of the two components when mixed with a
polymerized silica surface. When BB and CPBM were mixed in solution, it was found
that under basic conditions, BB induced micelle formation of CPBM below the cmc. UVVis spectroscopy showed that a peak shift occurred for the BB when it was incorporated
into the CPBM micelle. By modeling pure BB and BB in micelle with experimental data,
the proportion of experimental data in micelle could be determined. Under acidic
conditions, BB induced aggregates, however, at a much lower level of interaction than
the basic induced micelles.
Comparison of the model with UV-Vis experiments allowed for the determination
of when solution phase BB was in micelle with CPBM and when it was not. UV-Vis data
demonstrated that BB and CPBM were attracted to the silica surface at 0.04, 0.29 and
0.48 μmol/mg polymerized silica. Data showed that the larger the surface reactivity, the
greater the amount of extraction from solution to the surface for BB and CPBM could
occur. Under basic conditions, BB was only attracted to the surface at lower surface
coverage polymerized silica and CPBM was attracted to the surface at all coverages.
Verification of the presence of CPBM on the silica surface was done using ATR-FTIR
studies. These findings indicated that CPBM did indeed come to the surface by the
appearance of the symmetric and asymmetric CH2 and CH3 stretching modes. CPBM was
verified to increase with time to the polymerized silica surface, indicating that interaction
between the surface and the CPBM did occur.
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The findings from this project indicated that both surface coverage and pH play a
large role in reversibility of BB’s attraction to and from the polymerized surface.
Reversibility of BB does occur by changing the pH of the solution. BB is attracted to the
surface under acidic conditions, and repulsed under basic conditions. Further work for the
project will focus on the interaction of CPBM with a polyelectrolyte forming a PSC
complex. Interactions of PSC and BB will be done to investigate the reversibility of both
the PSC complex and BB to and from the polymerized silica surface.
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APPENDIX
6.1 QCM Dipping Experiments
Preliminary QCM experiments were conducted to observe and characterize how a
layer of polymerized silica placed on the crystal’s surface changed when exposed to
different solutions. By dipping the QCM crystal into various solutions, it was hoped to
see an appearance and disappearance of the PSC from solution and movement of the PSC
onto the crystal. All QCM experiments used polymerized silica with a surface reactivity
of 0.29 μmol/mg.
6.1.1 CPBM QCM Dipping
To understand the interaction of the PSC with the polymerized surface, initially
individual components of the system were investigated. This was done by determining if
the migration of surfactant could be observed to the polymerized surface by dipping the
surface located on the QCM’s crystal into several different solutions. The solutions were
at pH 4 to give the surface a near neutral charge at pH of 4, by protonating all the bound
carboxylic acid groups and pH 10, to deprotonate the carboxylic groups giving the
surface a negative charge. Thus by first dipping the polymerized surface into an acidic
solution, the silica surface would still maintain a negative charge due to the surface
silanol groups, however, the bound polymer would be neutral. If CPBM were then
exposed to a negatively charged surface, then an electrostatic attraction can occur
between the positive CPBM and the negatively charged surface. Additionally, the
nonpolar portion of the co-block polymer would allow for London force attraction of the
surfactant.
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Initial trials investigated the dipping of the surface into water, allowing the QCM
to equilibrate for 10 minutes, and then moved into a basic solution, followed by a basic
CPBM solution for similar equilibration times. Results indicted (Table 6-1) that a large
change occurred on the silica surface, by increasing the mass on the surface seen by a
negative change in frequency. A negative change in frequency indicates that the mass on
the surface is increasing because the oscillation of the QCM is becoming dampened by
lowing the frequency. If the surface were to decrease in mass once dipped into
solution, than the frequency change would become positive, indicating that the crystal’s
oscillation is non-dampened, and the frequency can return to a 5MHz oscillation.
Table 6-1: The delta frequencies for a polymerized silica surface being dipped into
different solutions of acid, water, base and CPBM measured using a QCM. The acid
solution was HCl at a pH of 4, the base was NaOH at a pH of 10, and CPBM was at
5x10-5M, pH 10. Solutions on each respective date were cycled from acid to water to
base to CPBM and then repeated using the same polymerized silica surface. Solutions
were dipped at 10 minute intervals. Results tabulated are change in frequency for the
time interval exposed.
12/4/2013
12/5/2013
12/8/2013
12/9/2013

Conc of CPBM (M)
1x10-5
1x10-5
1x10-5
1x10-5

12/17/2013

1x10-5

12/20/2013

5x10-5

12/31/2013

5x10-5

Acid
(∆Hz)
N/A
N/A
N/A
-38
-14
-21
-52
-58
-38
-142
-26
-12
127
-30
-30
-12
-29
-24

Water (∆Hz)
-11
-26
-14
-24
-20
-41
-24
-22
-10
-89
-32
-27
-2
-16
-17
-20
-17
-22

Base (∆Hz)
-28
-11
-12
-30
-10
-19
-31
-29
-27
-75
-36
-44
89
24
11
8
-1
-11

CPBM (∆Hz)
-63
-31
-30
-19
-23
-24
-54
13
-44
-97
-43
-42
-51
37
28
54
23
13

The dipping experiments for CPBM were then expanded to determine if
reversibility of the attraction to the polymerized surface could occur. Results for such
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experiments shown in Table 6-1 started by dipping the polymerized surface into an acidic
solution at pH 4. The initial dipping was followed by dipping the surface into a neutral
deionized water, a basic solution and then CPBM before being cycled through the
solutions. This process was cycled using the same film three times. Results showed that
going from basic to CPBM generally produced a larger change in delta frequency for the
CPBM than the base. Then once placed within an acidic solution, the frequency change
became slightly lower than that of CPBM. This indicated that once the CPBM was on the
surface, it did not easily leave when placed into an acidic solution.
6.1.2 PDADMAC QCM Dipping
To ensure that CPBM was coming to the surface, and to determine if a larger
polymer could be drawn to the polymerized surface, PDADMAC was tested using the
QCM dipping method. PDADMAC was chosen because of it’s large positively charged
backbone that should be attracted to a negatively charged surface as well as the nonpolar
section of the bound co-block polymer. Results showed that the first time that the
polymerized surface was exposed to a solution of PDADMAC, attraction occurred
between the PDADMAC and the bound polymer (Table 6-2).
6.2 QCM Flow Cell Experiments
One of the key factors that limited the results found with the QCM dipping
experiments was molecular diffusion to the polymerized silica surface. To overcome the
limited localized quantity of polyelectrolyte was to equip the QCM crystal holder with a
flow cell. By flowing solution over the surface, it enables a large localized concentration
of material to pass over the surface. By having a larger quantity of material passing over
the polymerized silica surface, a greater result reproducibility could be achieved.
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Table 6-2: The delta frequencies for a polymerized silica surface being dipped into
different solutions of acid, water, base and PDADMAC measured using a QCM. The acid
solution was HCl at pH 4, the base was NaOH pH 10, and PDADMAC was at 5x10-5M,
pH 10. Solutions on each respective date were cycled from acid to water to base to
CPBM and then repeated using the same polymerized silica surface. Solutions were
dipped at 10 minute intervals. Results tabulated are change in frequency for the time
interval exposed.

12/16/2013

Conc of PDADMAC
Monomer (M)
1x10-5

12/17/2013

1x10-5
2x10-5 (third cycle only)

12/19/2013

5x10-5

1/1/2014

5x10-5

Acid
(∆Hz)
-38
-17
-17
-63
-5
-16
-53
-33
-15
8
-14
-19

Water
(∆Hz)
-23
-16
-13
-42
-4
-23
-52
-18
-15
-36
-26
-33

Base
(∆Hz)
-28
-18
-20
-53
-10
-18
-61
-10
-16
83
19
-1

PDADMAC
(∆Hz)
-55
-8
-17
-11
-18
-14
-33
-17
-15
-96
-39
-38

6.2.1 PDADMAC QCM Flow Cell
Initial experiments using the flow cell attempted to flow solution over the
polymerized silica surface utilizing a hand syringe. Results in Table 6-3 show that it was
possible and are somewhat reliable, however, preforming the task proved challenging to
generate a consistent flow rate. A syringe pump was equipped and programmed and
yielded a more consistent flow rate. In flowing PDADMAC over the polymerized
surface, a negative trend is seen for the change in frequency indicating that PDADMAC
was attracted to the surface and then may have been repulsed from the surface when
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Table 6-3: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acidic HCl solution at pH 4, deionized water
pH neutral, basic NaOH solution at pH 10 and PDADMAC at 1x10-4 M pH 10. Results
tabulated include change in frequency and resistance for the duration of exposed
solution. Solutions were manually flowed using a hand held syringe. 1/13/14 trials used
a syringe pump using 1 minute intervals.
PDADMAC
Conc. (M)
1/6/14

1x10-4

Flow rate
manual
1mL/50sec

1/7/14

1x10-4

manual
1mL/50sec

1/13/14

1x10-4

5mL/min

(ΔHz)
Acid
-19
1

Water
17
16

Base
1
-1

PDADMAC
-19
20

-18
10
10
-31
64
-2
-3

18
-27
-7
19
12
2
0

-15
48
48
18
190
58
43

17
-18
-33
-9
-39
-25
-38

exposed to acidic environments. This trend was seen by a smaller, negative and
sometimes positive change in the delta frequency for acidic solutions. To further
investigate the molecular movement to the surface, the time for the solution to flow over
the surface was increased from 1 minute to 5 minutes. Additionally, the solution order
was modified, as well as the flow rate for PDADMAC experiments. By reordering the
solutions, and initially flowing a basic solution over the polymerized silica surface, it was
theorized that a distinct trend could be seen for the attraction of PDADMAC to the
surface. Results showed (Table 6-4) that by lowing the flow rate, and extending the flow
time, PDADMAC did have a distinct different trend as seen from the basic and acidic
solutions. In looking at the change in resistance, solution viscosity can be ruled out as the
reason for frequency change because of the relative consistencies between solution types
flowed over the surface. Thus PDADMAC was seen to have an attraction and a repulsion
from the polymerized silica surface.

79
Table 6-4: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were a basic NaOH solution at pH 10, PDADMAC at
1x10-4 M pH 10 and an acidic pH 3 solution. Solution was flowed cycling one to the
next using the same surface for 5-minute intervals. Results tabulated include change in
frequency and resistance for the duration of exposed solution.
(ΔΩ)

(ΔHz)
PDADMAC
Conc. (M)

Date
2/28/14

4/3/14

4/4/14

4/12/14

1x10

1x10

1x10

1x10

-6

-4

-4

-4

Flow Rate
500 μL/min

1mL/min

1.1mL/min

1mL/min

Basic

PDADMAC

Acid

Basic

PDADMAC

Acid

71

-23

27

-47.3

2.9

0.04

22

-19

-33

-21.4

8.4

19.2

14

-16

-2

-50.0

12.1

1.3

16

-19

14

-19.1

12.2

-3.5

26.4

-17.3

7.7

1.4

-23.7

4.8

8.5

-14.4

-3.6

2.9

4.8

8.4

-19.5

-1.8
15.7

-4.4

0.1

3.2

50.8

1.3

1.5

-46.5

-28.7

2.9

2.8

0.7

1.1

-4.95

-0.7

1.0

2.2

1

-0.5

-1.7

3.4

0.9

-10.1

4.2

1.5

2.6

3.2

0.7

-4

5.2

0.8

0.6

2.6

1.2

0.5

2.3

0.4

3.5

1.4

0.9

6.2.2 CPBM QCM Flow Cell
An initial experiment using CPBM was done to measure direct change caused by
flowing the solutions over the surface that went acidic to basic, followed by CPBM.
Results from this experiment (Table 6-5) showed that CPBM came to the surface, and left
when the surface was exposed to acidic conditions. To compare how intermixing a water,
pH neutral solution into the solution order had an effect on CPBM’s attraction was done.
(Table 6-6) It was found that water changed the sign of the delta frequency on CPBM as
well as the acidic solution. This indicates that the by washing the surface, the negative
delta frequency of the acidic solution was due to the protonation of the surface.
Interestingly the sign for the delta frequency of the CPBM also changed. This was
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indicative that CPBM was helping in the removal of the surface from the microbalance,
as the surfactant helped to lift and unfold the bound co-block polymer, allowing the water
and hydrophobic silica to interact.
Table 6-5: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acidic HCl solution at pH 4, basic NaOH
solution at pH 10 and CPBM at 5x10-5 M pH 10. Solution was flowed cycling one to
the next using the same surface for 5-minute intervals. Tabulated results were the
change in frequency for the interval of exposed solution.
CPBM

(ΔHz)

Date
1/27/14

CPBM
Conc. (M)
5x10-5

Flow Rate
2.5 mL/min

Acid

Base

CPBM

10
1
12

-6
-5
-8

-22
-13
-1

Table 6-6: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acidic HCl solution at pH 4, deionized water
pH neutral, basic NaOH solution at pH 10 and CPBM at 5x10-5 M pH 10. Solution was
flowed cycling one to the next using the same surface for 5-minute intervals.
(ΔHz)

CPBM

1/15/14

CPBM
Conc. (M)
5x10-5

Flow Rate
2.5 mL/min

1/15/14

5x10-5

2.5 mL/min

Date

Acid

Water
-32
13
-14
-27
-13
-17

Base
36
30
19

CPBM
-16
-35
-32
-17
-39
-34

55
22
-12
50
26
-12

When increasing the concentration of the CPBM, and rearranging the solution
order, to flow a basic solution first, followed by CPBM and then an acidic solution, a
difference in the delta frequencies was observed for the CPBM as compared to the basic
solution, however, the signs for the delta’s matched. (Table 6-7) Once an acidic solution
was flowed over the polymerized surface, an opposite sign for the delta frequency change
was observed indicating that the CPBM was attracted to the surface under basic
conditions, and then returned to solution when exposed to acid. The results from the
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CPBM flow cell experiments thus all indicated that under basic conditions attraction of
the CPBM is favored, and that the attraction was slightly reversible.
Table 6-7: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were a basic NaOH solution at pH 10, CPBM at
4.1x10-5 M pH 10 and an acidic pH 3 solution. Solution was flowed cycling one to the
next using the same surface for 5-minute intervals. Results tabulated include change in
frequency and resistance for the duration of exposed solution.
(ΔHz)

CPBM
Date
4/12/14

4/12/14

CPBM
Conc. (M)

Flow
Rate

4.13x10-4

1mL/min

4.13x10-4

1mL/min

Base

(ΔΩ)
CPBM

Acid

Base

CPBM

Acid

11.3

20.1

15

-7.07

-23.85

-1.83

2.7

6.3

11.9

0.93

-0.62

-2.93

3

2.7

15.3

1.68

-0.57

-3.01

7.8

-52.4

13.5

-8.15

-17.31

1.45

-9.5

-23.9

19.1

-2.35

-1.69

1.93

-8.8

-18.7

21.3

-2.86

-3.13

1.54

6.2.3 PSC Flow Cell
Investigating the observance of PDADMAC and CPBM demonstrated that it was
possible to see a change in the delta frequencies for the solutions when the polymerized
silica surface was exposed to varying environments. To generate a system where
reversibility occurred, a controllably charged macromolecular complex was created by
mixing CPBM and PSS together forming a PSC. By adjusting the ratio of CPBM to PSS,
it is possible to control the overall charge of the PSC due to the negatively charged
backbone of the PSS and the amount of positively charged CPBM. When the overall
complex’s charge goes from negative to neutral or positive in aqueous environments
because of the presence of the CPBM, the PSC complex precipitates out of solution. By
adjusting the ratio of PSS to CPBM to be slightly below the crash out point of the PSC,
the PSC complex then has a slightly negative, yet near neutral overall charge.15
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To study this system, a PSC mixture was constructed with a solution
concentration of 214:1 CPBM:PSS monomeric unit molar ratio. The solutions flowed
over the polymerized silica surface went from acid to base followed by PSC at pH 10
before repeating (Table 6-8). Interestingly, no real attraction was seen with the PSC. This
was most likely due to the charge repulsion of the surface because of the charge
generated under basic conditions. By modifying the solution order, to go basic to acidic
and then PSC at pH 3, it was found that the PSC showed attraction to the silica surface
because of the charge minimization facilitated under acidic conditions. (Table 6-9) Once
the charge on the surface was change to negative under basic conditions, the PSC was
then repulsed. These were both identified by a negative change in frequency for the PSC
and a positive change under basic conditions. The results indicated that the PSC was
reversibly attracted unlike the CPBM or the PDADMAC when flowed over the
polymerized surface individually. Changes to the ratio of CPBM to PSS were conducted
and the 250:1 monomeric unit ratio showed the most reproducible results as well as the
largest attraction and repulsion in comparison to the other ratios. The larger the ratio of
CPBM to PSS caused the complex to become more near neutral. By having the complex
at a near neutral charge, attraction and repulsion become a London force attraction, and
Table 6-8: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acidic HCl solution at pH 4, basic NaOH at
pH 10 and PSC solution pH 10. The PSC was mixed to have a molar ratio of 214:1
CPBM:PSS. 2.14x10-4 M CPBM: 1.001x10-6 M PSS. Solution was flowed cycling one
to the next using the same surface for 5-minute intervals. Results tabulated include
change in frequency and resistance for the duration of exposed solution.
PSC Complex Trials
Date
2/7/14

(ΔΩ)

(ΔHz)

Ratio

Flow Rate

214:1

1 mL/min

Acid

Base

PSC

Acid

Base

PSC

-8

-2

2

0.56

-3.73

-0.43

-15

-2

2

1.2

0.03

0.1

-11

4

5

0.88

0.24

-1.04

-8

2

-10

1.17

0.44

-5.63
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thus the system can become reversible by charging the polymerized surface to drive the
PSC away to bulk solution.

Table 6-9: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were a basic NaOH solution at pH 10, acid at pH 3
and PSC pH 3. Solution was flowed cycling one to the next using the same surface for
5-minute intervals. Results tabulated include change in frequency and resistance for the
duration of exposed solution. PSC was done at different ratios of CPBM:PSS ranging
from 214:1-250:1
PSC Complex Trials
Date
Ratio
2/11/2014 214:1

Flow Rate
1 mL/min

2/14/2014

214:1

1 mL/min

2/14/2014

214:1

1 mL/min

2/19/2014

230:1

1 mL/min

2/20/2014

230:1

1 mL/min

2/21/2014

250:1

1 mL/min

2/24/2014

250:1

1 mL/min

2/25/2014

250:1

1 mL/min

2/27/2014

250:1

200 μL /min

3/4/2014

250:1

500 μL /min

(ΔHz)
Base
-21
6
3
4
6
-4
9
-15
1
11
0
1
6
9
9
6
7
7
8
7
8
5
11
8
8
-8
-1
-26
29
-2
2

Acid
2
-2
0
-2
-46
2
7
-13
8
14
3
0
0
0
2
3
0
0
-2
4
1
7
1
0
4
11
9
9
4
2
14

PSC
18
23
24
-5
2
-1
-16
-10
-16
-2
-7
-5
-2
-1
-1
-1
1
-1
3
-2
2
-3
-8
-4
-6
-5
-6
-3
-5
-3
-21

(ΔΩ)
Base
-1.5
-1.995
-1.36
-3.6
3.7
-2.6
-9.3
8.82
-0.46
1.31
0.09
0.08
-0.63
2.92
-1.17
-1.28
-2.49
-1.55
-1.98
4.58
-9.18
-9.11
-2.27
-3.97
-5.19
-20.1
-17.23
-10.68
-3.33
-7.81
-5.41

Acid
0.34
30.68
24.8
10.43
3.7
3.4
-7.6
3.49
-0.77
-0.94
0.09
0.23
0.67
0.87
0.35
0.18
0.6
-0.6
-0.41
1.59
1.33
0.97
0.16
0.79
0.35
-0.99
0.55
0.9
1.61
1.18
-0.42

PSC
-26.34
-23.09
-20.33
0.96
-3.3
-3.6
4.4
-0.42
1.76
8.22
0.26
-0.12
0.51
0.9
0.18
0.17
0.18
-0.26
-0.3
-0.35
-0.62
0.53
1.88
1.25
1.57
1.44
1.6
0.83
1.65
1.54
1.79
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6.2.4 PSC and Salt Experiments
Table 6-10: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acidic at pH 3, PSC pH 3 and basic NaOH
solution at pH 10. Solution was flowed cycling one to the next using the same surface
for 10-minute time intervals. Results tabulated include delta frequency and delta
resistance for the duration of exposed solution. PSC was done at ratios of CPBM:PSS
at 250:1
(ΔHz)
Date
6/12/2014

Ratio
250:1

Flow Rate
0.5mL/min

6/18/2014

6/18/2014

6/19/2014

Acid

(ΔΩ)
PSC

Base

Acid

PSC

Base

23.1

-58.3

32.3

-39.5

-25.5

47.6

49.1

-43.8

24.6

-1.9

-1.7

17.6

57.6

-49.6

20.1

-7.4

-9.7

31

45.7

-41.1

0.0

-1.2

-9.2

26.6

-52.1

-5.9

10.4

0.4

-23.8

2.2

-0.3

-9.0

-17.5

0.5

-4.1

-2.1

-82.4

-55.9

-8.7

54.6

14.6

1

0.7

-22.5

6.6

-1.8

-21.5

6.8

0.2

-6.3

4.2

1.6

-14.1

-0.1

1.7

-6.6

1.6

1.6

-10.9

-1.6

66.6

-64.1

67.9

-47

24

10

98.6

-25.7

16.4

-65

11

12

43.6

-11.5

14.9

-33

5

2

Table 6-11 Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were basic pH 10, PSC pH 10 and a NaCl solution
pH 10. Solution was flowed cycling one to the next using the same surface for 10minute intervals. Results tabulated include change in frequency and resistance for the
duration of exposed solution. PSC was done at ratios of CPBM:PSS at 250:1
(ΔHz)
Date
6/25/2014

6/25/2014

6/26/2014

Ratio
250:1

Flow Rate
0.5mL/min

Base

(ΔΩ)
5 mM
NaCl

PSC

Base

PSC

5 mM
NaCl

35.4

23.6

15.8

-39.11

-10.5

-2.2

21.4

-0.9

-7.8

-1.2

-2.5

-1.2

1.4

-5.5

1.1

0.4

-11.7

-1.5

12.0

133.0

25.0

-542.8

-92.2

-18.2

28.0

-1.0

8.0

9.4

-8.3

-8.5

25.0

-11.0

1.0

10.5

-7.1

-5.6

553.6

61.3

23.2

-265.3

-142.2

-10.3

10.7

5.8

6.2

10.8

-7.3

-6.1

6.7

0.0

5.1

11.8

-6.2

-8.3
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Table 6-12: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were acidic pH 3.5, PSC pH 3.5 and a NaCl solution
pH 3.5. Solution was flowed cycling one to the next using the same surface for 10minute intervals. Results tabulated include delta frequency and delta resistance for the
duration of exposed solution. PSC was done at ratios of CPBM:PSS at 250:1
(ΔHz)
Date
6/30/2014

Ratio
250:1

Flow Rate
0.5mL/min

7/1/2014

Acid

(ΔΩ)
5 mM
NaCl

PSC

Acid

5 mM
NaCl

PSC

13.5

14.6

8.1

-7

-1

-2

-3.5

-2.2

5.1

3

0

-2

-2.0

-0.7

6.8

2

-1

-2

20.4

12.0

9.7

-6

-2

-2.2

-3.8

-4.0

7.1

3

-1

-2

4.0

-3.1

5.2

-21.9

1.7

-0.3

1.9

-2.2

3.3

2.1

-0.3

-0.6

1.9

-1.0

0.6

1.6

-1.3

-2.3

7/1/2014

Table 6-13: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were basic pH 10, PSC pH 10 and a NaCl solution
pH 10. Solution was flowed cycling one to the next using the same surface for 10minute intervals. Results tabulated include delta frequency and delta resistance for the
duration of exposed solution. PSC was done at ratios of CPBM:PSS at 250:1
(ΔHz)
Date
6/26/2014

6/26/2014

6/29/2014

Ratio
250:1

Flow Rate
0.5mL/min

Base

(ΔΩ)
150 mM
NaCl

PSC

Base

150 mM
NaCl

PSC

-9.4

39.2

17.5

-511.5

-30.4

-1.3

-10.4

-2.0

6.6

6.8

1.3

-1.3

-10.8

-2.5

7.8

7.9

1.7

-1.2

415.0

44.0

21.0

-61

-36.6

-6.8

-10.0

-9.0

12.0

1.4

2.6

-1.7

-4.0

-10.0

10.0

-2.3

3.3

-1.6

14.8

22.6

2.0

-128.4

-25.2

3.1

-5.5

-4.5

4.3

6.6

0.8

2.2

-2.8

-9.4

40.3

5.5

0.4

-7
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Table 6-14: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acidic pH 3.5, PSC pH 3.5 and a NaCl
solution pH 3.5. Solution was flowed cycling one to the next using the same surface for
10-minute intervals. Results tabulated include delta frequency and delta resistance for
the duration of exposed solution. PSC was done at ratios of CPBM:PSS at 250:1
(ΔHz)
Date
7/2/2014

Ratio

Flow Rate

250:1

0.5mL/min

(ΔΩ)

Acid

150 mM
NaCl

PSC

Acid

150 mM
NaCl

PSC

1.5

-4.5

3.9

-21.2

-2.3

0

-64.3

-32.4

6.3

2.5

3.5

-2.2

-64.7

-27.9

3.9

2.9

1

-3.3

39.8

-2.5

51.9

-64

-3

-5

-245.8

-124.9

41.4

-50

-7

-7

-211.2

-117.1

28.0

-33

-11

-15

-4.2

-23.9

116.3

1.4

-6.3

-1.1

-76.7

-17.0

97.7

5.5

3.9

-0.6

-77.1

-21.4

104.2

-0.5

4.3

-1.1

7/2/2014

7/8/2014

Table 6-15: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acid at PSC and NaCl solution at pH 10
followed by a basic solution pH 10. Solution was flowed cycling one to the next using
the same surface for 10-minute intervals. Results tabulated include delta frequency and
delta resistance for the duration of exposed solution. PSC was done at ratios of
CPBM:PSS at 250:1

Date
7/9/2014

7/10/2014

7/11/2014

Ratio
250:1

Flow Rate
0.5mL/min

(ΔHz)
PSC+ 5 mM
NaCl+Base

(ΔΩ)
PSC+ 5 mM
NaCl+Base

Base

Base

15.7

10.2

-23.6

-1.9

11.5

5.5

-17.5

4.1

11.4

-1.4

-11.8

6.5

-0.7

4.3

-13.5

1.5

-4.6

4.4

-3.1

1.74

0.8

3.2

-3.4

1.8

15.2

8.7

-15

2

-11.3

0.8

-50.7

0.1

-29.6

1.8

-24.2

1

-22.3

5.2

-13.4

2
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Table 6-16: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acidic PSC and NaCl solution pH 3.5
followed by an acidic solution pH 3.5. Solution was flowed cycling one to the next
using the same surface for 10-minute intervals. Results tabulated include delta
frequency and delta resistance for the duration of exposed solution. PSC was done at
ratios of CPBM:PSS at 250:1

Date
7/11/2014

Ratio
250:1

Flow Rate
0.5mL/min

7/13/2014

7/13/2014

(ΔHz)
PSC+5 mM
NaCl+Acid

(ΔΩ)
PSC+5 mM
NaCl+Acid

Acid

Acid

20.2

3.4

-30

-0.5

1.9

-10.1

0.1

1.2

1.8

-7.0

1.4

1

30.4

9.6

-21.3

2.4

6.8

2.4

3.6

3.3

2.8

5.1

0.4

2.3

40.6

7.7

-18.1

1.5

-1.7

0.4

2.5

2.4

-3.4

-3.3

0

1.6

Table 6-17: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acidic PSC and NaCl solution pH 3.5
followed by an acidic solution pH 3.5. Solution was flowed cycling one to the next
using the same surface for 10-minute intervals. Results tabulated include delta
frequency and delta resistance for the duration of exposed solution. PSC was done at
ratios of CPBM:PSS at 250:1

Date
7/24/2014

7/24/2014

7/25/2014

Ratio
250:1

Flow Rate
0.5mL/min

(ΔHz)
PSC+15 mM
NaCl+Acid

Acid

(ΔΩ)
PSC+15 mM
NaCl+Acid

Acid

-2.2

-8.6

12.7

3.5

-3.0

-7.9

3.4

3.4

-1.2

-8.0

1.5

3.9

-17.0

-6.1

-2.7

2.8

-7.2

-5.7

-0.2

1.3

-4.2

-5.7

0.5

2.0

-0.6

-36.7

4.0

6.0

7.0

-40.8

3.0

7.0

6.3

-41.4

2.0

9.0

88
Table 6-18: Polymerized silica surface measured on a QCM equipped with a flow cell.
Solutions flowed over the crystal were an acidic pH 3.5 followed by PSC pH 3.5
solution. Solution was flowed cycling one to the next using the same surface for 10minute intervals. Results tabulated include delta frequency and delta resistance for the
duration of exposed solution. PSC was done at ratios of CPBM:PSS at 250:1
(ΔHz)
Date
7/27/2014

7/28/2014

Ratio

Flow Rate
250:1

0.5mL/min

(ΔΩ)

Acid

PSC

Acid

27.7

10.5

1.4

-6.4

8.9

-0.9

0.3

-3.2

0.8

-4.1

-0.3

-2.6

5.0

32.3

-3.3

-16.9

22.2

5.7

-7.4

-6.6

2.6

0.4

0.4

-3.0

0.5
7/28/2014

7/30/2014

PSC

1.7

-1.8

-8.7

-0.8

-2.7

-0.2

-1.1

-0.2

-1.4

-0.3

-1.6

0.0

-0.6

54.4

69.9

-3.9

-21.0

14.7

-2.9

-9.0

-7.2

-1.0

-5.2

-0.8

-4.1

-3.8

-0.6

